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Summary 
 
 
 Summary 
 
Human influence on the climate is clear, and the current anthropogenic 
emissions of greenhouse gases are the highest in history (IPCC 2014). The 
atmospheric concentration of N2O, a potent greenhouse gas, has increased by 
20% since 1750 (IPCC 2013). While the possible formation of N2O by AOB 
has been observed over 50 years ago (Anderson 1964, Ritchie and Nicholas 
1972), a widespread research interest in describing and predicting N2O 
emissions from processes for biological nitrogen removal from wastewater has 
only risen in the last decade.  
The overall goal of this PhD thesis was to elucidate the formation 
mechanisms of N2O from innovative processes for biological nitrogen removal 
from wastewater. To reach this goal, models were developed and applied in 
simulation studies. Monitoring campaigns were conducted on full-scale 
reactors for innovative nitrogen removal, including the development and 
application of a novel monitoring method and rigorous assessment of the 
gathered experimental data. . The introduction (Chapter 1) gives a brief 
history in wastewater management and treatment, pointing out some of the 
historical problems, and the current focus on greenhouse gas emissions. The 
biological reactions taking place in conventional and innovative nitrogen 
removal processes are presented, including an overview of the possible N2O 
formation mechanisms. 
A first model describing two different reaction pathways for the formation 
of NO and N2O by ammonia oxidising bacteria (AOB) is presented in Chapter 
2, being one of the earliest (2011) efforts addressing the need for a general 
mechanistic model. More models were developed over the course of time, 
reflecting additional insights gathered. One of the most recent NO and N2O 
prediction models was applied in Chapter 5 to describe experimental data. The 
model of Chapter 2 was developed to describe N2O formation by AOB and 
to elucidate the possible driving forces under both aerated and non-aerated 
conditions. In the first proposed reaction pathway, the oxidation of ammonium 
was coupled to the reduction of nitrite (Scenario A). A second pathway coupled 
the reduction of nitrite to N2O to the consumption of (AOB) biomass. These 
two scenarios were compared in a simulation study, assessing the influence of 
the aeration/stripping rate and the resulting dissolved oxygen concentration on 
xvii 
Summary 
the NO and N2O emission from a SHARON partial nitritation reactor. For a 
continuously aerated reactor, the N2O formation and emission were highest at 
highest DO, for both scenarios. Under intermittent aeration, the differences 
between the two scenarios were more pronounced. Scenario A showed only 
aerobic N2O formation, with the highest N2O formation rate at start of the 
aeration cycle. Scenario B on the other hand showed a continuous N2O 
formation, resulting in accumulation and subsequent stripping. Comparing the 
observed simulation trends with literature, no unambiguous decision of the true 
NO and N2O formation mechanism could be made at this point. 
A three-weeks monitoring campaign was performed on a full-scale 
SHARON partial nitritation (PN) reactor. The reactor was completely covered, 
which ensured that the N2O emissions were adequately measured. A novel 
method – gas stripping device – to measure the dissolved N2O concentration 
via gas phase measurements was theoretically developed, tested and presented 
(Chapter 3). The device was able to monitor the dissolved N2O concentrations 
on a minutely time scale. Overall, the PN reactor as such is very similar to the 
gas stripping device. The mathematical description of the gas stripping was 
generalised to describe the physical phenomena occurring in the PN reactor. 
However, the reactor off-gas N2O profile was always in transient state due to 
the operation of the reactor, masking the occurring underlying phenomena. The 
transient N2O profile was exploited to determine the interphase transfer rate 
 akL  of the reactor. Furthermore, the average aerobic and anoxic N2O 
formation rate were calculated based on the off-gas N2O profile, and 
substantiated with the dissolved N2O measurements from the gas stripping 
device. The anoxic conditions contributed for 66% of the total N2O emissions 
during normal operation. The acquired knowledge on mass transfer, transient 
and steady-state profiles was also applied on a different data set from a full-
scale partial nitritation anammox (PNA) reactor. This reactor was continuously 
aerated via a high-low aeration control. The off-gas N2O profile during high 
aeration intensity period consisted of a transient part but also of a steady-state 
part. During the steady state regime, the N2O formation rate and dissolved N2O 
concentration could be calculated directly. During the other periods, an 
average formation rate was calculated based on a mass balance approach. The 
N2O formation rate was found to be highest during the periods with high 
aeration intensity. 
In Chapter 4, the measurement results of the PN reactor were analysed in 
more detail. During the three-weeks monitoring campaign, experiments were 
performed and compared to the normal operation cycles to identify the 
operation factors minimising N2O emissions. The majority (66%) of the N2O 
xviii 
Summary 
emissions was caused by anoxic N2O formation. The N2O formation rate was 
constant during aerobic periods and increased during anoxic periods, resulting 
in a higher mean anoxic N2O formation rate for longer anoxic periods. 
Minimising or avoiding anoxic conditions has the highest effect in lowering 
the N2O emissions. 
Furthermore, the estimation of interphase transfer  akL  from a transient 
off-gas profile and its application was further elaborated and compared to the 
other methods for akL  measurement. Using the dynamic off-gas profile to 
estimate the akL , or its evolution in time, has the advantage it can be 
monitored during normal operation of the reactor.  
Newly gathered research insights described in various literature sources – 
including our own work – in the mean time had led to the development of two 
types of models describing N2O formation by AOB, corresponding to two 
different N2O formation pathways. The first type of model describes direct 
N2O formation due to the conversion of ammonia to nitrite (direct pathway), 
whereas the second one describes N2O formation associated with the reduction 
of nitrite (indirect pathway). Moreover, so called two-pathway models were 
presented that combined both pathways. In Chapter 5, a dynamic model 
describing N2O formation by the two AOB pathways as well as by 
heterotrophic denitrification was applied to reproduce the results of a three-
weeks monitoring campaign on a full-scale partial nitritation reactor. The 
ability of the model to describe the reactor concentrations in terms of 
ammonium, nitrite and nitrate and observed off-gas N2O profile was assessed. 
The dynamic full-scale reactor performance (i.e. ammonium conversion and 
nitrite concentrations, pH profile) was well predicted even without considering 
N2O formation. Subsequently, particular attention was paid to the possible 
reproduction of the various N2O formation pathways and to the identification 
of the mechanisms contributing to the N2O emissions. The majority of the N2O 
emissions was related to N2O formation by AOB, under aerobic and anoxic 
conditions, even though there was also a contribution from heterotrophic 
denitrification. The possibilities and limitations in applying mathematical 
models for the quantitative prediction of N2O emissions was substantiated. In 
particular, it was concluded that the use of models to predict actual N2O 
emission factors is not (yet) feasible. 
Chapter 6 concludes the thesis, summarising its main findings and 
indicating directions for future research. The strengths and weaknesses of the 
models to describe the reactor performance in terms of nitrogen concentrations, 
DO and pH profiles and off-gas NO and N2O concentrations, are addressed. 
xix 
Summary 
As for experimental data collection, the potential of (in)direct measurements –
via a newly developed method based on gas stripping device or through the 
reactor off-gas, are pointed out. Based on the simulation results and the full-
scale experimental data, case-specific as well as more general mitigation 
strategies are proposed. Finally, N2O emissions are placed into a larger 
perspective. 
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Samenvatting 
 
 
 Samenvatting 
 
De menselijke impact op het klimaat is duidelijk, en de huidige anthropogene 
emissies van broeikasgassen zijn de hoogste in de geschiedenis (IPCC 2014). 
De atmosferische concentratie van N2O, een krachtig broeikasgas, is 20% 
hoger dan in 1750 (IPCC 2013). Niettegenstaande dat de vorming van N2O 
door ammoniak-oxiderende bacteriën (AOB’s) reeds 50 jaar geleden werd 
vastgesteld (Anderson 1964, Ritchie and Nicholas 1972), is de interesse om 
N2O-emissies door biologische stikstofverwijderingsprocessen te beschrijven 
en voorspellen pas op gang gekomen in het afgelopen decennium. 
Het uiteindelijke doel van dit doctoraat was om de optredende 
vormingsmechanismen bij innovatieve stikstofverwijderingsprocessen te 
achterhalen. Om dit doel te bereiken werden modellen ontwikkeld en gebruikt 
in simulatiestudies. Meetcampagnes werden uitgevoerd op volleschaal 
reactoren voor innovatieve stikstofverwijdering, inclusief de ontwikkeling en 
applicatie van een nieuwe meetmethode en rigoureuze beoordeling van de 
experimentele data. In de inleiding (hoofdstuk 1) worden enkele hoogtepunten 
in de geschiedenis van afvalwaterbeheersing en -zuivering besproken, met 
aandacht voor enkele historische problemen, en de huidige focus op 
broeikasgasemissies. Er wordt een overzicht gegeven van de biologische 
conversies die optreden in conventionele waterzuivering en innovatieve 
stikstofverwijderingsprocessen, inclusief de mogelijke N2O-
vormingsmechanismen.  
Een eerste model met twee verschillende reactiewegen voor de vorming 
van NO en N2O door ammoniak oxiderende bacteriën (AOB), is voorgesteld 
in hoofdstuk 2, een van de eerste (2011) modellen dat tegemoetkomt aan de 
vraag naar een algemeen mechanistische model. In de loop van de tijd werden 
meer modellen ontwikkeld, welke de nieuw verkregen inzichten 
implementeerden. Een van de meest recente NO en N2O modellen werd 
gebruikt in hoofdstuk 5 om de experimentele data te beschrijven. Het model 
uit hoofdstuk 2 was ontwikkeld om de N2O door AOB te beschrijven en de 
verschillende drijvende krachten te achterhalen onder beluchte en niet beluchte 
condities. Het eerste vooropgestelde reactiepad koppelt de oxidatie van 
ammoniak aan de reductie van nitriet (scenario A). Een tweede vooropgestelde 
reactiepad koppelt de nitrietreductie aan verbruik van (AOB) celmassa 
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(scenario B). In een simulatiestude werd de impact van aeratie en de 
daaruitvolgende opgeloste zuurstofconcentratie op de NO- en N2O-emissies 
van een SHARON partiële nitritatie reactor vergeleken voor beide scenarios. 
Voor een continu beluchte reactor waren de N2O-vorming en -emissie hoogst 
bij de hoogste opgeloste zuurstofconcentraties. Bij intermitterende beluchting 
waren de verschillen tussen beide scenarios meer uitgesproken. Scenario A 
voorspelt enkel N2O-vorming onder aerobe condities, met de hoogste 
vormingssnelheid tijdens het begin van de beluchtingsperiode. Scenario B aan 
de andere kant vertoont een continue N2O-vorming welke resulteert in 
accumulatie en vervolgens strippen tijdens aeratie. Bij vergelijking tussen de 
simulatietrends en de literatuur kon er geen eenduidige beslissing genomen 
worden welk vormingsmechanisme optreedt. 
Een drie weken durende meetcampagne werd uitgevoerd op een 
volleschaal SHARON partiele nitritatiereactor (PN). De reactor was volledig 
overdekt, waardoor de N2O-emissies van de reactor representatief konden 
worden gemeten. Een nieuwe meettechniek – gebaseerd op een gasstripfles – 
om opgeloste N2O-concentraties te bepalen via gasfase metingen, werd 
theoretisch berekend, in de praktijk getest en voorgesteld in hoofdstuk 3. Het 
toestel is in staat om de opgeloste N2O-concentraties per minuut te volgen. 
Alles welbeschouwd, the PN reactor is soortgelijk aan de gasstripfles. De 
theoretische berekeningen van de gasstripfles werden veralgemeend om de PN 
reactor te beschrijven. Het N2O-profiel van het reactor afgas vertoonde een 
transiënt gedrag, te wijten aan de manier waarop de reactor wordt bedreven. 
Dit transiënte gedrag maskeert echter de optredende onderliggend fenomenen. 
Het transiënte N2O-profiel werd echter uitgebuit om de 
interfasetransfercoëfficiënt  akL  te bepalen. Tevens werden de gemiddelde 
anoxische en aerobe vormingssnelheden berekend op basis van het 
afgasprofiel. De berekeningen werden onderbouwd met de metingen van de 
gasstripfles. De anoxische condities waren verantwoordelijk voor 66% van de 
totale N2O-emissies ander normaal bedrijf. De opgedane kennis omtrent 
massaoverdracht, transiënt en stationaire profielen werd ook toegepast op een 
andere dataset, gemeten op een partiële nitritatie anammox (PNA) reactor. 
Deze reactor is continu belucht via een regime van hoge-lage 
beluchtingsintensiteit. Het N2O-afgasprofiel tijdens de periodes met hoge 
beluchtingsintensiteit vertoonde zowel een transiënt als stationair gedeelte. 
Tijdens het stationair gedeelte konden de N2O-vormingssnelheid en opgeloste 
N2O-concentratie direct worden gevolgd. Tijdens de andere periodes werd een 
gemiddelde N2O-vormingssnelheid berekend op basis van een massabalans. 
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De N2O-vormingssnelheid was hoogst tijdens de periodes met een hoge 
beluchtingsintensiteit. 
In hoofdstuk 4 werden de meetresultaten van de PN reactor in meer detail 
geanalyseerd. Tijdens de meetcampagne werden experimenten uitgevoerd en 
vergeleken met normaal bedrijf om de invloedsfactoren op de N2O-emissies te 
achterhalen. Het leeuwendeel (66%) van de N2O-emissies was te wijten aan 
anoxische N2O-vorming. De N2O-vormingssnelheid was constant tijdens 
aeratie en nam toe tijdens de duur van de anoxische periode, waardoor langere 
anoxische periodes een hogere gemiddelde N2O-vormingssnelheid 
vertoonden. De duur van de anoxische condities minimaliseren of volledig 
vermijden heeft het meeste effect in verlagen van de N2O emissies. De 
schattingsmethode om de interfasetransfercoëfficiënt  akL  te bepalen uit 
dynamische N2O-afgasprofiel werd uitgebreid besproken en vergeleken met 
de andere beschikbare methodes voor akL  bepaling. De akL  bepalen gebruik 
makend van dynamische afgasprofiel heeft als voordeel dat het bepaling kan 
gebeuren tijdens normaal bedrijf.  
De nieuw verkregen inzichten, beschreven in verschillende 
literatuurbronnen – inclusief eigen werk – had in de tussentijd geleid tot de 
ontwikkeling van twee types modellen, welke de N2O vorming door AOB 
beschrijven, corresponderend met twee verschillende N2O 
vormingsmechanismen. Het eerste type model beschrijft de rechtstreekse 
vorming van N2O uit de omzetting van ammonium tot nitriet (directe route), 
terwijl het tweede type de N2O-vorming geassocieerd met de reductie van 
nitriet beschrijft (indirecte route). Bovendien, twee routes modellen werden 
voorgesteld die beide routes combineren. In hoofdstuk 5 werd een dynamisch 
model dat N2O vorming door AOB door beide routes en heterotrofe 
denitrificatie beschouwt, toegepast om de data van de meetcampagne te 
beschrijven. Hierbij werd zowel de ammonium, nitriet en nitraat concentratie 
als de afgas N2O-concentratie geëvalueerd. Het dynamische gedrag van de 
reactor (i.e. ammoniumconversie, nitrietconcentratie en pH profiel) werd goed 
voorspeld, zelfs zonder in rekening brengen van N2O vorming. Vervolgens 
werd er werd specifiek gekeken hoe goed de verschillende N2O-
vormingsmechanismen in staat waren om de meetdata te beschrijven. Het 
merendeel van de N2O emissies was gerelateerd aan N2O door AOB, onder 
aerobe en anoxische condities, ondanks de bijdrage te wijten aan heterotrofe 
denitrificatie. De mogelijkheden en limitaties om modellen te gebruiken om 
kwantitatief N2O-emissies te voorspellen werd nagegaan. De conclusie luidt 
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dat gebruik van modellen om N2O emissiefactoren te voorspellen (nog) niet 
mogelijk is. 
Tot slot worden de voornaamste bevindingen en suggesties voor verder 
onderzoek vermeld in hoofdstuk 6. De sterktes en zwaktes van modellen om 
de reactorperformantie te beschrijven in termen van stikstof-, opgeloste 
zuurstofconcentraties, pH profiel en afgas NO- en N2O-concentraties worden 
toegelicht. Het potentieel van (in)directe metingen – zij het via een gasstripfles 
of via afgasprofiel – voor experimentele metingen wordt besproken. Gebaseerd 
op een combinatie van zowel simulatieresultaten als volleschaal metingen 
worden zowel specifieke als algemene beheersingsstrategieën voorgesteld. Tot 
slot van het hoofdstuk worden N2O emissies gekaderd in een groter geheel. 
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Introduction 
In this chapter, an overview of the highlights in the history of wastewater 
management and treatment is presented, based on a personal interest in the 
matter and underlining the importance of wastewater management and 
treatment. Subsequently, the biological nitrogen conversion reactions are 
presented, the different N2O formation reactions are discussed and the negative 
environmental impact of N2O is given. In future, the emissions of greenhouse 
gases from wastewater treatment might become a new paragraph in the 
highlights in the history of wastewater, alongside other challenges.  
1.1 Highlights in the history of wastewater management and 
treatment 
Sewage has since long been recognised as a potential health risk (Henze et al. 
2008). 
The oldest – known to date – remains of a wastewater management system 
were found in Habuba Kabira (present day Syria) and date back from 3300 - 
3200 BC (Strommenger 1980). The city was built on elevated ground in the 
immediate vicinity of the river Euphrates. Cylindrical pipes were found in the 
ground which apparently served as wastewater drains (Jansen 1989). 
A more advanced wastewater management system was found in Mohenjo-
Daro (present day Pakistan), showing an impressively sophisticated water 
supply and effluent disposal system. Fresh water was supplied by a network of 
wells, and the sewage of almost all buildings was collected in a drain running 
along the street (Jansen 1989) and discharged in the river Indus. For its time, 
the city must have been unique in housing approximately 40 000 people 
(Jansen 1999). 
The Roman Empire further improved the collection of wastewater with the 
Cloaca Maxima. This central sewer system was first used to drain the marshes 
in and around the city of Rome and was later also used to remove the 
wastewater to the river Tiber. Fresh water was supplied via aqua ducts. With 
the fall of the (Western) Roman Empire, their sanitary approach collapsed as 
well (Henze et al. 2008). Europe entered its ‘Sanitary Dark Ages’ between 450 
and 1750 AD (Wolfe 1999). Note, Cloaca Maxima is still part of the sewer 
system in Rome. 
During the Sanitary Dark Ages, the waste(water) was typically discharged 
in the streets or rivers, resulting in highly unsanitary conditions. During this 
period, three pandemic outbreaks of the plague occurred, caused by Yersinia 
pestis (Bos et al. 2011). The remaining organic waste was often collected and 
provided to the farmers, however, its collection only covered a fraction of the 
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total. When the smell of the disposed waste (water) became too pungent, the 
streets were covered with a layer of sand. Over time, the street level increased 
by several meters, the ground floor of some historical buildings becoming the 
basement. A method to cope with human faeces was the use of cesspools, 
however its implementation was not widespread (van Oosten 2013). The 
situation improved somewhat with the construction of open and closed 
wastewater ditches, 50 centuries after the similar practice in Habuba Kabira. 
In the 19th century, cholera epidemics raged through Europe. In 1892 the 
cholera epidemic struck Hamburg. The source was identified to be the use of 
contaminated water from river Elbe as drinking water. An effective solution 
was found through the use of a sand filter in water works. The wastewater was 
still discharged directly in the river without treatment (Flügge 1893).  
The ‘self-purification’ capacity of receiving water bodies, which can be 
used to treat the waste load, was shown by König (1883) to be a biological 
process requiring oxygen. The first purposefully built active treatment was a 
biological filter, consisting of biofilm on rocks and located in the United 
Kingdom (Salford) (Henze et al. 2008). The activated sludge process was first 
presented by Ardern and Lockett (1914). However, between 1895 and 1920 
already many biological filters were installed in the UK, which slowed down 
the implementation of the activated sludge process.  
The Haber-Bosch process chemically transforms inert atmospheric 
nitrogen (N2) into a biologically available form (ammonia, NH3). Despite the 
fact that its invention significantly lengthened the duration of the First World 
War, it is the author’s strong belief that the Haber-Bosch process is the most 
important invention by mankind (to date). Chemical fertilizer produced based 
on the Haber-Bosch process is estimated to sustain one third of the world’s 
population (Wolfe 2001).  
In the aftermath of the First World War, wastewater treatment was not the 
highest priority. Eutrophication, i.e. the explosive growth of algae and other 
water plants due to excessive nutrient supply, led to the deterioration of water 
quality in receiving water bodies in the second half of the 20th century. In the 
1960’s it became clear that nitrogen (N) and phosphorus (P) also need to be 
removed from the wastewater to limit or prevent eutrophication. Typical 
effluent limits required for discharge into surface water of the carbon load 
(expressed as chemical oxygen demand), total nitrogen and total phosphorus 
are 125, 15-10 and 2-1 g.m-3, the smaller values imposed on wastewater 
treatment plants treating a load of more than 100 000 people equivalents. 
Human influence on the climate system is clear, and recent anthropogenic 
emissions of greenhouse gases are the highest in history (IPCC 2014). Over 
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the last 10 years, the emission of greenhouse gases (N2O, CO2, CH4) from 
wastewater treatment plants (WWTP’s) has become a matter of growing 
concern. This doctoral thesis focusses on biological nitrogen removal from 
wastewater (Section 1.2) and on the associated emission of N2O as a 
greenhouse gas (Section 1.3). The overall thesis objective referring to the 
corresponding thesis chapters is summarized in Section 1.4. 
1.2 Biological nitrogen cycle 
A simplified representation of the biological nitrogen cycle is given in Figure 
1.1. The conversion of inert atmospheric N2 into a reactive form (ammonia), 
termed nitrogen fixation (6), can proceed in a biological way (mediated by 
certain microorganisms) or through a chemical (Haber-Bosch) process. 
Conventional nitrogen removal from wastewater proceeds through subsequent 
nitrification and denitrification over nitrate. The nitrification process 
comprises the ammonium oxidation to nitrite (1) by ammonia-oxidising 
bacteria (AOB), followed by nitrite oxidation to nitrate (3) by nitrite oxidising 
bacteria (NOB). Very recently, a bacterium was found that could carry out both 
steps (1 and 3) (Daims et al. 2015). Denitrification (4(a)-(d)), requiring a 
carbon source, is the reduction of the formed nitrate to inert N2, through NO 
and N2O as subsequent intermediates. 
Nitrite is an intermediate in both the nitrification and denitrification reaction 
(see Figure 1.1). Over the past two decades, innovative processes for nitrogen 
removal through nitrite pathways have been developed, in order to increase the 
sustainability. A first innovative process concerns nitrification-denitrification 
over nitrite (Hellinga et al. 1998), reactions 1, 4(b)-(d). A second process 
option relies on the direct combination of nitrite and ammonium to form N2, 
i.e. so-called anaerobic ammonium oxidation (anammox) process. The 
existence of a bacterium capable of the anammox reaction was predicted by 
Broda (1977), however, it took 18 years until it was actually found by Mulder 
et al. (1995). 
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Figure 1.1: Simplified biological nitrogen cycle. Nitritation reaction (1), 
nitratation (3), denitrification (4(a)-(d)), conventional biological nitrogen 
removal (1,3,4(a)-(d)), anammox (5), nitrogen fixation (6), dissimilatory 
nitrate reduction to ammonium, DNRA (4(a),7) 
 
Both process options rely on the conversion of ammonium to nitrite, while 
preventing further oxidation to nitrate. They hold significant advantages 
compared to conventional nitrification-denitrification over nitrate in terms of 
the requirement of oxygen (aeration energy) and organic carbon, sludge 
production and CO2 emissions. However, nitrite has been identified as a factor 
increasing N2O emissions by AOB (Chandran et al. (2011), 1(a), 1(b), 2(a), 
2(b)), and heterotrophs (von Schulthess et al. 1995). So it should be 
safeguarded that the minimisation of CO2 emissions realized by innovative 
nitrogen removal processes are not nullified by increased alternative 
greenhouse gas emissions. 
1.3 Nitrous oxide – potent greenhouse gas – formation mechanisms 
N2O is a potent greenhouse gas of which the effect is 298 times stronger than 
CO2 over a 100 year time frame (IPCC 2013). Furthermore, N2O is a known 
ozone depleting component, being a second incentive to minimise N2O 
emissions or losses to the atmosphere. The following routes for N2O (and NO, 
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a precursor of N2O) formation are known (Figure 1.1):  
(I) The formation of N2O (and NO) as a side product during nitrification 
(Ritchie and Nicholas 1972)(1(a), 1(b)), referred to as direct pathway. Law et 
al. (2012), Ni et al. (2013b) proposed models to describe N2O (and NO) 
formation from the direct pathway.  
(II) AOB have also been known to produce NO and N2O by denitrification of 
nitrite (Colliver and Stephenson 2000) (2(a), 2(b)). Different models to 
describe the indirect pathway have been proposed by Guo and Vanrolleghem 
(2014), Houweling et al. (2011), Mampaey et al. (2013), Ni et al. (2011), 
Pocquet (2015).   
(III) N2O and NO are intermediates in the heterotrophic denitrification 
pathway (4(a)-(d)) (Knowles 1982, Payne 1973). Heterotrophic denitrification 
is the only biological consumption reaction for N2O (4(d)). 
(IV) Co-oxidation of ammonia and methane to NO and N2O by methanotrophs 
(Yoshinari 1985).   
(V) Chemical denitrification of nitrite to NO and N2O with reduced iron 
(Kampschreur et al. 2011); chemical denitrification of nitrate with a copper 
catalyst to ammonium (Gunderloy et al. 1970) 
(VI) Chemical breakdown or reaction of intermediates of biological reactions 
(Ritchie and Nicholas 1972, Soler-Jofra et al. 2016, Stuven et al. 1992). 
In this doctoral thesis, the focus will be on biological N2O formation 
(routes (I) – (III)). The contribution of routes (IV) and (V) are assumed to be 
negligible and are not assessed explicitly. Yoshinari (1985) concluded that the 
maximum production rate of nitrite and N2O by methanotrophs was only about 
0.2% and 1.6%, respectively, of those by AOB. Furthermore, it is nearly 
impossible to separate the chemical breakdown (VI) from the biological side 
product description. Overall, if chemical breakdown occurs, its description will 
be lumped into the biological pathways. 
1.4 Overall objective 
The overall goal of this PhD thesis was to elucidate the formation mechanisms 
of N2O in innovative nitrogen removal processes. In Chapter 2, scenario 
analysis was performed to elucidate N2O formation mechanisms and their 
driving forces. The mathematical model considering two possible reaction 
mechanisms for NO (a precursor for N2O formation) and N2O formation by 
AOB is presented, addressing the need for a general mechanistic model to 
quantify N2O emissions during biological nitrogen removal in a reliable way. 
These two scenarios have been compared in a simulation study, assessing the 
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influence of the aeration/stripping rate and the resulting dissolved oxygen 
concentration on the NO and N2O emission from a SHARON partial nitritation 
reactor.  
In Chapter 3, the development and application of a novel monitoring 
method for the dissolved N2O concentration is presented. A three-weeks 
monitoring campaign on a full-scale partial nitritation (SHARON) reactor was 
performed, for which a novel method to monitor dissolved N2O concentrations 
was developed (Chapter 3). The presented method is able to monitor the liquid 
phase N2O concentration for aerated as well as non-aerated 
conditions/reactors. The monitoring method consists of a gas stripping device, 
of which the measurement principle is based on a continuous flow of reactor 
liquid through a stripping flask and subsequent analysis of the N2O 
concentration in the stripped gas phase. The method was theoretically and 
experimentally evaluated for its fit for use in wastewater treatment context. 
Besides, the influence of design and operating variables on the performance of 
the gas stripping device was addressed. The liquid phase measurements of N2O 
yield valuable information on the origin of N2O emissions. The method can 
also be applied to measure other dissolved gasses, such as methane, being 
another important greenhouse gas. The acquired knowledge on mass transfer, 
transient and steady-state profiles was also applied on a different data set from 
a full-scale partial nitritation anammox reactor. Those results were also taken 
up in Chapter 3. 
The N2O formation and emissions from a full-scale partial nitritation 
(SHARON) reactor were identified through a three-weeks monitoring 
campaign during which the off-gas was analysed for N2O, O2, CO2 and NO. 
In Chapter 4, the driving forces for N2O formation and emission were 
qualitatively and quantitatively assessed based on mass balances and the 
dynamic reactor behaviour. The N2O emission factor was 3.7% of the 
incoming ammonium load during the three weeks. By fitting the N2O emission 
to a theoretical gas stripping profile, the N2O emissions could be assigned to 
aerobically formed N2O and N2O formed under anoxic conditions. The 
majority (70%) of the N2O emissions was caused by anoxic N2O formation. 
Minimising or avoiding anoxic conditions has the highest effect in lowering 
the N2O emissions. As an additional result, the use of the off-gas N2O 
concentration measurements to monitor the gas-liquid mass transfer rate 
coefficient  ONLak 2  during dynamic reactor operation was demonstrated. 
Finally, a dynamic model was applied to reproduce the results of a three-
weeks monitoring campaign on a full-scale partial nitritation reactor in Chapter 
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5.The ability of the model to describe the reactor behaviour in terms of 
ammonium, nitrite and nitrate concentrations and observed off-gas NO and 
N2O profile was assessed. Particular attention was paid to the possible 
reproduction of the various N2O formation pathways and to the identification 
of the mechanisms contributing to the N2O emissions. The possibilities and 
limitations in using mathematical models for the prediction of N2O emissions 
was substantiated. 
Chapter 6 summarises the overall conclusions; the strengths and 
weaknesses of the model for qualitative and quantitative description of the 
reactor performance in terms of ammonium, nitrite, DO, pH and off-gas NO 
and N2O concentration. From a combination of the simulation results and the 
full-scale data, mitigation strategies are proposed for the reactor under study 
and in general. Additionally, the uses of (in)direct measurements –via a gas 
stripping device or via the reactor off-gas – and the physical properties that can 
be obtained through them are summarised. To end, some perspective in terms 
of experiments and modelling are presented. 
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oxide emissions by autotrophic ammonia 
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Chapter 2 
This chapter has been published as: Mampaey, K.E., Beuckels, B., 
Kampschreur, M.J., Kleerebezem, R., van Loosdrecht, M.C. and Volcke, E.I. 
(2013) Modelling nitrous and nitric oxide emissions by autotrophic ammonia-
oxidizing bacteria. Environmental Technology 34(9-12), 1555-1566. 
2.1 Abstract 
The emission of greenhouse gases, such as N2O, from wastewater treatment 
plants is a matter of growing concern. Denitrification by ammonia oxidising 
bacteria (AOB) has been identified as the main N2O producing pathway. To 
estimate N2O emissions during biological nitrogen removal, reliable 
mathematical models are essential. In this work, a mathematical model for NO 
(a precursor for N2O formation) and N2O formation by AOB is presented. 
Based on mechanistic grounds, two possible reaction mechanisms for NO and 
N2O formation are distinguished, which differ in the origin of the reducing 
equivalents needed for denitrification by AOB. These two scenarios have been 
compared in a simulation study, assessing the influence of the 
aeration/stripping rate and the resulting dissolved oxygen (DO) concentration 
on the NO and N2O emission from a SHARON partial nitritation reactor. The 
study of the simulated model behaviour and its comparison with previously 
published experimental data serves in elucidating the true NO and N2O 
formation mechanism.  
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2.2 Introduction 
The emission of greenhouse gases from wastewater treatment plants (WWTPs) 
is a matter of growing concern. The focus has shifted from CO2 to nitrous 
oxide (N2O) due to its strong global warming potential, being 300 times higher 
than that of CO2. Several studies on N2O emission from wastewater treatment 
systems with biological nitrogen removal have been performed so far. The 
emission data show a huge variation in the fraction of influent nitrogen that is 
emitted as N2O (Kampschreur et al. 2009). The large differences in N2O 
emissions measured between different wastewater treatment plants and the 
variations in time strongly contrast with the fixed conversion factors applied 
to estimate the N2O emission. For instance, the Intergovernmental Panel on 
Climate Change (IPCC) applies a value of 0.5% of the nitrogen load as an 
estimate of the N2O emission from wastewater (IPCC 2006). A disadvantage 
of using fixed emission factors is that they do not consider the process 
configuration and dynamics. As a result, they do not cover the variety of 
process conditions encountered in the field, and as such cannot be used for 
process optimization, as the predicted N2O emission using a fixed emission 
factor remains constant.  
A discussion paper prepared for the California Wastewater Climate Change 
Group (CH2MHill 2006) recommended modelling rather than the use of fixed 
emission factors as an appropriate method for estimating site-specific 
emissions of N2O. However, up till now no general mechanistic model is 
available to quantify N2O emissions during biological nitrogen removal in a 
reliable way. For instance, the model proposed by Hiatt and Grady (2008), 
which was implemented in a plant-wide simulation study by Flores-Alsina et 
al. (2011), considers heterotrophic denitrification as the main source of N2O, 
even though recent results (Ahn et al. 2010b, Chandran 2010, STOWA 2010) 
clearly show that aerobic (nitrification) zones generally contribute more to 
N2O emissions than anoxic (denitrification) zones. Kampschreur et al. (2007) 
identified denitrification by ammonia oxidising bacteria (AOB) as the main 
NO producing pathway. They proposed a mechanistic model for nitrite 
reduction to NO with electrons produced by ammonia oxidation – N2O 
formation was not considered. Yu et al. (2010) described the N2O emissions 
to have a direct link with the maximum specific activity of the AOB N. 
europaea, and this was modelled by a multiple saturation kinetics model. 
Houweling et al. (2011) modelled nitrification by AOB as two parallel 
processes generating either nitrite or N2O based on a switching function which 
activates N2O formation when the nitrite concentration exceeds a given value. 
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They did not consider NO as an intermediate during denitrification by AOB. 
On the other hand, these authors also include possible NO and N2O 
accumulation during heterotrophic denitrification.  
In this chapter, a more extensive model is presented which describes NO 
and N2O formation through denitrification by AOB in terms of stoichiometry 
and kinetics. Two possible formation scenarios are distinguished, which differ 
in the origin of the reducing equivalents needed for denitrification by AOB. 
The resulting model behaviour is subsequently assessed in a simulation study 
of a SHARON partial nitritation reactor.  
The model presented in this chapter was one of the earliest (2011) efforts 
addressing the need for a general mechanistic model to describe NO and N2O 
formation by AOB. More models were developed over the course of time, 
reflecting additional insights gathered. An overview of those models is given 
Chapter 5, in which also one of the most recent NO and N2O prediction models 
was applied to describe experimental data. 
2.3 Modelling NO and N2O emission from a partial nitritation reactor 
2.3.1  Modelling NO and N2O formation  
A model is proposed that describes the formation of NO and N2O due to 
denitrification by AOB, also known as nitrifier denitrification (Kampschreur 
et al. 2007, Poth and Focht 1985, Yu et al. 2010). The reaction stoichiometry 
and kinetics are summarized in Table 2.1 and Table 2.2, respectively; Table 
2.3 displays the model parameter values. HNO2 was considered as true 
substrate (Wiesmann 1994), to avoid confusion, HNO2 is used throughout this 
chapter. AOB are able to reduce HNO2 to NO and further to N2O (Colliver 
and Stephenson 2000, Kampschreur et al. 2007, Yu et al. 2010). However, it 
is yet unclear where the reducing equivalents for reduction of HNO2 to NO 
and N2O are derived from. Therefore, two possible scenarios are distinguished 
in this study. 
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Figure 2.1: Proposed reaction schemes for NO and N2O formation through 
denitrification by AOB. Scenario A: Ammonia as electron donor, scenario B: 
biomass as electron donor 
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Table 2.2: Kinetic rate equations for the nitrification model including NO and 
N2O formation by AOB 
Process Scenario Process rate 
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In scenario A, 6 electrons come from the oxidation of ammonia to nitrite, 
from which 4 electrons are taken up by O2 and 2 are available for reduction of 
HNO2 to NO (Kampschreur et al. 2007), or for further reduction of NO to 
N2O. This results in the following catabolism stoichiometry (all components 
are expressed on a molar basis): 
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Eq. 2.1 
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 Eq. 2.2 
Note, Eq. 2.1 and Eq. 2.2 (and Eq. 2.3 and Eq. 2.4 for scenario B) have not 
been changed, as the most abundant form (ammonium and nitrite) was used to 
reflect the actual changes (for pH) each conversion induces.  
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Table 2.3: Model parameter values 
Definition Symbol Value Unit Reference 
Stoichiometric parameters     
Yield for growth of AOB YAOB 0.15 g COD.g-1 N Wiesmann (1994) 
Yield for growth of NOB YNOB 0.041 g COD.g-1 N Wiesmann (1994) 
Nitrogen content biomass iNBM 0.07 g N.g-1 COD 
ASM2d (Henze et al. 
2000) 
Kinetic parameters     
Maximum specific growth rate at 35qC 
(AOB) AOBmax,
P  2.13  d-1 Hellinga et al. (1998)  
Maximum specific growth rate at 35qC 
(NOB) NOBmax,
P  1.06  d-1 Hellinga et al. (1998) 
Fraction of ammonia oxidised with 
nitrite as partial electron acceptor 
(scenario A) 
ADNTf ,  2.8 10-2  Assumed in this study 
Ratio of maximum NO formation rate 
in scenario B versus A Bf  2.4  Assumed in this study
a 
Saturation coefficient for ammonia 
(AOB) AOBNH
K ,3
 1  g NH3-N.m
-
3 
Assumed in this study 
 
Saturation coefficient for oxygen 
(AOB) AOBO
K ,2  0.50  g O2.m-3 
Kampschreur et al. 
(2007) 
Saturation coefficient for oxygen 
(NOB) NOBO
K ,2  1.00 g O2.m-3 
Kampschreur et al. 
(2007) 
Saturation coefficient for nitrous acid 
(AOB) AOBHNO
K ,2
 2 10-3 g HNO2-N.m-3 
Kampschreur et al. 
(2007)b 
Saturation coefficient for nitrous acid 
(NOB) NOBHNO
K ,2  3.00  
g HNO2-
N.m-3 Assumed in this study 
Saturation coefficient for NO (AOB) AOBNOK ,  1.00  g N.m-3 Assumed in this study 
Mass transport parameters     
Henry coefficient O2 2OH
 35.3 1 aqgas MM  Hellinga et al. (1999) 
Henry coefficient CO2 2COH
 1.49 1 aqgas MM  Hellinga et al. (1999) 
Henry coefficient NH3 3NHH
 6 10-4 1 aqgas MM  Weast (1976) 
Henry coefficient N2 2NH
 70.4 1 aqgas MM  Hellinga et al. (1999) 
Henry coefficient NO NOH  23.7 1 aqgas MM  Weast (1976) 
Henry coefficient N2O ONH 2
 2.1 1 aqgas MM  Weast (1976) 
Diffusion coefficient O2 2OD
 2.5 10-9 m2.s-1 Perry and Green (1984) 
Diffusion coefficient CO2 2COD  1.96 10-9 m2.s-1 Perry and Green (1984) 
Diffusion coefficient NH3 3NHD  2.0 10-9 m2.s-1 Perry and Green (1984) 
Diffusion coefficient N2 2ND
 1.9 10-9 m2.s-1 Perry and Green (1984) 
Diffusion coefficient NO NOD  1.8 10-9 m2.s-1 Assumed in this studyc 
Diffusion coefficient N2O OND 2
 1.8 10-9 m2.s-1 Perry and Green (1984) 
a Assumed value, to obtain similar results for scenario B as for scenario A under continuous 
aeration; b Recalculated value for total nitrite-N to HNO2-N, through 
> @
> @ pHa
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HNO


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2300exp  (Anthonisen et al. 1976). c Taken equal to OND 2  
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Only 2 out of 6 electrons from ammonium oxidation to nitrite are available 
for autotrophic denitrification (Ni et al. 2011, Whittaker et al. 2000), which 
differs from the approach of Houweling et al. (2011), in which a part of 
ammonium is completely converted to N2O. In the latter study (Houweling et 
al. 2011), at nitrite concentrations higher than 4 g 2NO -N.m-3, virtually all 
(>98%) of the converted ammonium is converted to N2O. For the used influent 
conditions, this would result in N2O emissions of over 40% of the influent 
ammonium. The model proposed by Ni et al. (2011) considers hydroxylamine 
as a an additional state variable, whereas the model in this study implies that 
all hydroxylamine is converted to HNO2. The resulting overall reaction for NO 
formation (Eq. 2.1) is the same. However, regarding N2O formation, the model 
of Ni et al. (2011) is different from the one presented in this study as they 
assume that part of the hydroxylamine is directly converted to N2O, while in 
this study all N2O is formed from NO. 
In scenario B, NO and N2O formation take place at the expense of AOB 
biomass (expressed on a molar basis):  
OHNOXHNO
OHNOHeNO
HeX AOB
22
22
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o
o
o



 
Eq. 2.3 
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
 
 Eq. 2.4 
In this scenario, the proposition is that intracellular electron donor is 
utilized, resulting in a decrease of AOB biomass. This scenario is comparable 
to the endogenous respiration process, during which the amount of biomass 
decreases at the expense of an electron acceptor, as in the activated sludge 
model ASM3 (Henze et al. 2000). While the ASM3 considers oxygen or nitrate 
as electron acceptors, the electron acceptor in scenario B is either nitrite or NO 
(Eq. 2.3 or Eq. 2.4, respectively). Note the conversion factor  
(1/4.2 = 8/33.6) from mole biomass (XAOB, one mole representing 33.6 g COD 
for the assumed biomass composition of CH1.8O0.5N0.2) to mole electrons (one 
mole electrons being equivalent to 8 g COD).  
17 
Chapter 2 
Table 2.1 includes the overall reactions described by Eq. 2.1 - Eq. 2.4, 
transformed to common activated sludge model (ASM) units (Henze et al. 
2000), taking into account biomass growth (for scenario A) and closing the 
nitrogen and COD balance. In what follows, the term formation has been used 
when only the formation of NO (Eq. 2.1 and Eq. 2.3) or N2O is considered 
(Eq. 2.2 and Eq. 2.4). The term net production is used when the consumption 
of NO is also taken into account (Eq. 2.2 and Eq. 2.4). Comparing the two 
proposed reaction scenarios, it is clear that for scenario A, the NO and N2O 
formation reactions need the presence of molecular oxygen due to the coupling 
with ammonium oxidation, whereas for scenario B, NO and N2O formation 
can occur under both aerobic and anoxic conditions. The two proposed 
scenarios further differ in their effect on the reactor pH. In scenario A, NO 
formation does not affect pH directly (Eq. 2.1) while N2O formation is 
accompanied by H  production (Eq. 2.2) and will thus result in a pH decrease. 
For scenario B, NO formation implies a pH increase (Eq. 2.3), while further 
reduction to N2O formation does not have a direct pH effect. Besides, indirect 
pH effects will result from all reactions due to the consumption and production 
of ammonium, nitrite, and inorganic carbon (Table 2.1), which are involved in 
chemical equilibrium reactions. In both scenarios, the kinetic rate expressions 
for NO formation include HNO2 limitation, while N2O formation is limited by 
NO (Table 2.2).  
The fraction of ammonia oxidized with nitrite as partial electron acceptor 
(scenario A) is taken into account through the parameter fDNT,A, as in 
Kampschreur et al. (2007), but its numerical value was taken 100 times larger 
in this study in order to get N2O emissions as reported by Kampschreur et al. 
(2009). The ratio of the maximum NO formation rate in scenario B versus the 
one in scenario A is characterized by the parameter fB, the value of which has 
been set such that the net NO production is about the same for both scenarios 
at the highest aeration flow rate: the higher fB, the higher the NO formation in 
scenario B compared to scenario A. An increasing factor fDNT,A will lead to a 
higher NO formation rate and indirectly (through a higher dissolved NO 
concentration and thus less NO limitation) to a higher N2O formation rate, 
eventually leading to higher NO and N2O emissions. In this way, it is ensured 
that the different model behaviour for the two scenarios is due to the different 
underlying NO and N2O formation mechanisms rather than to different 
emission percentages. The parameter fB is also included in the kinetic 
expression for N2O formation in scenario B, leading to the same ratio of 
maximum NO versus maximum N2O formation rate for both scenarios. The 
resulting NO and N2O emissions are in a realistic range (0.2% NO per 
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incoming nitrogen, (Kampschreur et al. 2008b), and 0.035-14.6% N2O per 
incoming nitrogen, (Kampschreur et al. 2009)) and are sufficiently large to 
distinguish between both scenarios. 
2.3.2  Partial nitritation (SHARON) reactor model 
The two scenarios for NO and N2O formation were added to a SHARON 
partial nitritation model based on the ones from Hellinga et al. (1999) and 
Volcke (2006) and was implemented in Matlab-Simulink®. The SHARON 
process (van Dongen et al. 2001) is operated in a continuous stirred tank 
reactor without biomass retention, so the sludge retention time (SRT) equals 
the hydraulic retention time. Ammonium oxidation to nitrite is realized, while 
further oxidation to nitrate is prevented, by working at a high temperature (35 
°C) and keeping the aerobic sludge retention time sufficiently low. In the 
subsequent simulation study, an aerobic SRT of 1.5 days was applied to a lab-
scale (2 litre) SHARON reactor, corresponding with an influent flow rate of 
1.33 l.d-1 for a continuously aerated reactor, and 0.67 l.d-1 in case of an 
intermittently aerated (50% of the time) reactor. The model includes dynamic 
pH calculation using a charge balance approach. Mass balances are set up for 
lumped components, which describe the total concentrations of components 
active in a chemical equilibrium: total ammonium (TNH), total nitrite (TNO2) 
and total inorganic carbon (TIC). For instance, TNH comprises both free 
ammonia (NH3) and ammonium ions ( 4NH ). After calculating the pH from a 
charge balance, the individual equilibrium concentrations (e.g. NH3, 4NH ) 
follow from the chemical equilibrium relationships. The pH influences the 
biological conversion indirectly, by considering NH3 and HNO2 as the true 
substrates for the reactions. No direct pH effect on the growth rates has been 
considered. Inhibition effects have been neglected as well, to allow a 
straightforward interpretation of the simulation results. This is also justified by 
the fact that NOB are known to be more sensitive to free ammonia and free 
nitrous acid inhibition than AOB, however, in a SHARON reactor NOB are 
outcompeted by AOB because of their relatively lower growth rate at the 
prevailing high temperature (Hellinga et al. 1998). As a result, the impact of 
NOB parameters on the presented simulation results in terms of NO and N2O 
emission is negligible. The model parameters for AOB reflect a relatively high 
growth rate ( AOBmax,P ) and low substrate affinity (high ammonia half-
saturation constant, AOBNHK ,3 ) (Table 2.3), as a SHARON reactor puts a 
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selection on fast growing AOB rather than on those with a high affinity 
(Hellinga et al. 1998). The model considers gas-liquid transfer of CO2, O2, N2, 
N2O, NO and NH3. In this study, air (21.15% O2; 0.032 % CO2; 78.82% N2) 
at 35°C was supplied to aerate the reactor; the airflow rate was varied from 
0.144 m3.d-1 to 2.88 m3.d-1, with increments of 0.144 m3.d-1. The relation 
between the applied airflow rate and the dissolved oxygen (DO) concentration 
for continuously aerated conditions is given in Figure 2.2 for the two N2O 
formation scenarios under study. 
The same initial reactor conditions (TNH = 600 g N.m-3; TNO2 = 600 
g N.m-3; TIC = 2.25 mole.m-3; pH = 7.5; XAOB = 76 g COD.m-3; XNOB = 
0.5 g COD.m-3) were applied in all simulations. Simulations were performed 
over a sufficient long period (at least 50 days) to ensure that the system attained 
steady state or stationary behaviour. The simulated influent was characterized 
by equimolar concentrations of TNH (1200 g N.m-3) and TIC (85.71 mole.m-
3), DO = 6 g O2.m-3 and pH = 7.5. Negligible small amounts (0.5 g COD.m-3) 
of AOB and NOB are present in the influent to simulate their possible 
ingrowth. The influent is assumed to not contain COD, so denitrification by 
heterotrophic bacteria is not taken up in the model. Besides, biomass decay is 
neglected, given the short SRT applied. 
This contribution answers an urgent need for modelling AOB related N2O 
emissions during wastewater treatment. Recently the importance of 
nitrification as a source of greenhouse gasses has been recognized 
(Kampschreur et al. 2007, Yu et al. 2010), however in simulation studies this 
is mostly not accounted for (Flores-Alsina et al. 2011). As this contribution 
deals with the development of a mathematical model for NO and N2O 
emissions by AOB, no extensive model calibration has been performed at this 
stage. Although the simulation results should not be interpreted in a fully 
quantitative sense, they can prove very useful in identifying the actual NO and 
N2O formation mechanism. Besides, the application of the presented model to 
estimate N2O emission patterns during biological nitrogen removal in various 
process configurations and the subsequent comparison of the simulation results 
with experimental data, by various research groups, will provide a large step 
forward to build consensus on modelling N2O emissions by AOB.  
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Figure 2.2: Dissolved oxygen concentration as function of the aeration flow 
rate under continuously aerated conditions. Comparison between scenario A 
(left) and scenario B (right), with ammonia and biomass as respective electron 
donors 
2.4 Simulation results and discussion 
The behaviour of the partial nitritation model including NO and N2O formation 
by AOB has been assessed in a simulation study in order to distinguish between 
the two proposed scenarios for NO and N2O formation. During a first series of 
simulations, the reactor was continuously aerated to study the steady state NO 
and N2O net production as a function of the aeration flow rate and the resulting 
DO concentration (Figure 2.3). A second series of simulations was performed 
applying intermittent aeration, to assess the dynamic model behaviour and the 
influence of unaerated periods.  
2.4.1 Continuously aerated reactor behaviour 
The steady state simulation results for a continuously aerated reactor are 
summarized in Figure 2.3. Both scenarios display the same behaviour with 
respect to ammonium conversion to nitrite. At low DO concentrations, 
ammonium conversion is oxygen-limited. As soon as the DO level increases 
above the limiting value of ca. 0.5 g.m-3, about 50% of the incoming 
ammonium is converted to nitrite. Further conversion of ammonium is limited 
by the amount of free ammonia at the prevailing reactor pH (substrate 
limitation). The amount of nitrate formed is negligible (0-8 33 m.NgNO
  ), 
which corresponds to the concept of a SHARON reactor. The pH decreases 
with increasing ammonium conversion. At the point of about 50% ammonium 
conversion, the bicarbonate buffer is completely depleted. For higher DO 
concentrations, the pH slightly decreases further, due to the hardly noticeable 
21
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additional ammonium conversion associated with a marginal additional CO2-
stripping at the increasing airflow rates. The overall pH is lower for scenario 
A (ammonia as electron donor) than for scenario B (biomass as electron 
donor), because of proton production during N2O formation in the first case, 
and proton consumption for NO formation in the latter. The higher reactor pH 
in scenario B causes some additional ammonium conversion to nitrite 
compared to scenario A (5-7 g N.m-3 additional ammonium conversion at DO 
> 0.8 g O2.m-3), even though the effect is not noticeable in Figure 2.3 for the 
given parameter values – it becomes more important at higher NO and N2O 
emission percentages. As biomass is used for NO and N2O formation the total 
AOB concentration is lower (about 26-30%) in scenario B. 
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Figure 2.3: Steady state reactor concentrations of total ammonium (TNH), 
total nitrite (TNO2) and nitrate ( 3NO ), and steady state reactor pH (A). 
Steady state dissolved concentrations (B) and steady state gas phase (C) of NO 
and N2O. Steady state total (liquid + gas phase) NO and N2O mass fluxes and 
emission percentages in terms of influent total ammonium (D). Comparison 
between scenario A (left) and scenario B (right), with ammonia and biomass 
as respective electron donors 
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The dissolved NO concentration profile in terms of DO shows a sharp 
initial increase with increasing ammonium conversion, followed by a slight 
decrease due to increased NO stripping at higher airflow rates, despite the 
higher free nitrous acid availability at decreased pH. The dissolved N2O 
concentration displays a comparable profile, as it is dominated by NO 
availability (cfr. AOBNOK ,  = 1 g N.m-3). The effect of increased stripping at 
higher airflow rates is more pronounced for N2O than for NO (concentration 
changes with factor 2.5 and 1.2, respectively) as N2O is more dissolvable than 
NO ( ONH 2  < NOH ).  
The gas phase NO and N2O concentrations follow the dissolved NO and 
N2O concentrations. The gas phase NO concentration is about constant for all 
simulations with significant ammonium conversion (DO > 0.5 g O2.m-3), while 
the gas phase N2O concentration changes with a factor 2-3 over the DO range 
considered. The constant liquid phase NO concentration results from a nearly 
constant NO formation rate (free nitrous acid non-limiting and biomass 
concentration about constant in both scenarios, decreasing NH3 availability at 
higher DO compensating for O2 limitation at lower DO in scenario A), 
combined with a decreasing NO consumption rate and an increasing NO 
stripping rate for increasing aeration flow rates, associated with increasing DO 
levels (see Figure 2.2). The independency of the gas phase NO concentration 
and applied airflow rate corresponds with the observations by Kampschreur et 
al. (2008b) during measurements at a full-scale SHARON reactor for two 
different aeration flow rates.  
The resulting profiles for the total (liquid phase + gas phase) NO and N2O 
fluxes are displayed in Figure 2.3D. Note that the contribution of dissolved NO 
and N2O fluxes (not shown) to the total NO and N2O fluxes is marginal: they 
account for about 5% of the total NO and N2O fluxes for the lowest aeration 
flow rate and decrease to about 0.5% for all simulations with a DO higher than 
0.5 g.m-3. Given the constant NO gas phase concentration, the total NO flux 
increases with increasing airflow rates associated with higher DO 
concentrations. After a sharp initial increase, the total N2O flux decreases with 
increasing DO concentrations because of the decreasing gas phase N2O 
concentrations, which outweighs the increasing airflow rate at higher DO 
concentrations. Both scenarios predict a maximum in the total N2O emissions 
for relatively low dissolved oxygen concentrations, which corresponds to 
experimental findings, as reviewed by Kampschreur et al. (2009). In a 
simulation study concerning autotrophic nitrogen removal in a granular sludge 
reactor, Van Hulle et al. (2012) also found a maximal NO and N2O net 
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production at relatively low DO concentrations, which coincided with the 
optimum nitrogen removal conditions in their study. 
Overall, the steady behaviour of a continuously aerated SHARON reactor 
in terms of the DO concentration does not differ much between both NO and 
N2O formation scenarios. The same was concluded regarding NO and N2O 
emissions during steady state operation of autotrophic nitrogen removal in a 
granular sludge reactor (Van Hulle et al. 2012). As a result, steady state 
experiments at various DO levels cannot be used to distinguish between the 
two scenarios. 
2.4.2 Intermittently aerated reactor behaviour 
In a second series of simulations, an intermittent aeration regime was applied, 
characterized by aerated and non-aerated periods of equal length. The total 
cycle time was set to 120 minutes; the same aerobic retention time (1.5 days) 
was applied as for the simulations under continuously aerated conditions, by 
halving the influent flow rate and thus halving the total N-load [g N.m-3.d-1]. 
The influence of cyclic conditions on the stationary reactor behaviour is 
given in Figure 2.4. The total ammonium, total nitrite and nitrate 
concentrations do not vary much within a cycle. During the anoxic part of a 
cycle, the total ammonium concentration slightly increases due to continuous 
feeding, while no biological ammonium oxidation takes place.  
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Figure 2.4: Stationary concentration profiles of total ammonium (TNH), total 
nitrite (TNO2), nitrate ( 3NO ), pH (A), dissolved oxygen (DO, B), dissolved 
NO and N2O (C) and gas phase NO and N2O (D). Stationary NO and N2O flux 
(E). Results under intermittent aeration (50% of the time), for an aeration rate 
of 1.872 m³.d-1. The shaded areas indicate unaerated periods. Comparison 
between scenario A (left) and scenario B (right), with ammonia and biomass 
as respective electron donors 
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During the aerobic part of a cycle, the accumulated ammonium is converted 
to nitrite. Since virtually all buffer (TIC) is stripped, the small cyclic variations 
in ammonium conversion to nitrite provoke a significant pH variation. Again, 
scenario A results in a lower pH than scenario B. The on/off aeration pattern 
results in a strongly varying DO concentration profile within a cycle, in 
contrast to the constant DO concentration obtained for a continuously aerated 
reactor. After turning off the aeration, it takes about 6 minutes to consume all 
oxygen in the reactor, resulting in a slightly prolonged aerobic phase. 
The dissolved NO concentration decreases at the transition of anoxic to 
aerobic conditions (t = 0 min) due to stripping to the gas phase and then levels 
off (NO formation balanced by stripping and consumption for N2O formation). 
The NO concentration remains constant for scenario B, whereas the 
concentration subsequently decreases again for scenario A because of a lower 
NO formation rate (lower availability of free ammonia, despite the higher DO 
concentration). At the transition of aerated to unaerated conditions 
(t = 60 min), NO accumulates in the liquid phase as there is no more stripping 
and during the rest of the anoxic period, the dissolved NO concentration 
remains constant for both reaction scenarios. However, the underlying reasons 
are different. For scenario A, NO is formed using the residual DO; once the 
oxygen is depleted, no more NO is formed and the dissolved NO concentration 
is only influenced by reactor dilution. For scenario B on the other hand, NO is 
continuously formed during anoxic conditions but after the initial 
accumulation, all the formed NO reacts to N2O, leading to the (nearly) constant 
NO concentration. 
The dissolved N2O concentration profile for scenario A shows an initial 
peak at the start of the aerated period (t = 0 min), which can be attributed to 
the increasing DO concentration; afterwards the dissolved N2O concentration 
decreases due to the lower availability of dissolved NO and free ammonia 
(lower pH). For scenario B, the concentration decreases due to stripping then 
levels off. The dissolved N2O concentration profile is slower in response than 
the NO profile as N2O is more dissolvable than NO. When the aeration is 
turned off (t = 60 min), N2O is further formed with residual DO for scenario 
A and accumulates. For scenario B, N2O is continuously formed and the 
concentration profile shows a linearly increasing trend. The N2O formation 
during anoxic conditions is higher than during aerobic conditions due to the 
higher dissolved NO concentration. 
The gas phase concentrations of NO and N2O and the corresponding NO 
and N2O fluxes follow the dissolved NO and N2O concentrations during 
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aeration. The contribution of dissolved NO and N2O fluxes (not shown) to the 
total NO and N2O fluxes is again marginal, as for continuous aeration: they 
account for about 5% of the total NO and N2O fluxes for the lowest aeration 
flow rate and decrease to about 2% for aeration flows higher than 1 m3.d-1. 
Comparing the two scenarios, it is clear that the major part of NO and N2O 
emissions, i.e. via the gas phase, takes place during aeration. For scenario A, 
with ammonium as an electron donor, NO and N2O formation only take place 
under aerobic conditions while for scenario B (biomass as electron donor), NO 
and N2O are also formed during anoxic periods and are emitted during the 
subsequent aeration. In a study for N. europaea (ATCC 19718) cultures, Yu et 
al. (2010) observed N2O formation exclusively under aerobic periods, which 
excludes scenario B for N2O formation under anoxic periods. However, the 
same authors observed NO production under anoxic periods, which supports 
scenario B for NO formation under anoxic periods but does not exclude 
scenario A. The simulation results for scenario B further indicate a linearly 
increasing N2O accumulation in the liquid phase during anoxia, a characteristic 
which was also measured by Kampschreur et al. (2008b) on a full-scale 
SHARON partial nitritation reactor. 
During intermittent reactor operation, the DO level typically varies within 
a cycle (Figure 2.4B). For this reason, the stationary behaviour for continuous 
and intermittent aeration cannot be compared in terms of the DO concentration. 
Figure 2.5 therefore displays the percentage of incoming nitrogen that is 
converted to N2O and NO as a function of the aeration flow rate. For both 
scenarios, the NO emission percentage related to incoming ammonium 
increases monotonously with increasing aeration flow rate, given the quasi 
constant gas flow concentration, and is almost independent of the applied 
aeration regime.  
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Figure 2.5: NO (top) and N2O (bottom) emission percentages related to the 
influent total ammonium under continuous aeration and intermittent aeration. 
Comparison between scenario A (left) and scenario B (right), with ammonia 
and biomass as respective electron donors 
 
The total N2O flux attains a maximum for both scenarios and for both 
aeration regimes (continuous and intermittent aeration conditions). For 
scenario A, the N2O emission percentage does not differ between a 
continuously and intermittently aerated reactor, as N2O can only be formed in 
the presence of oxygen and given the same aerobic retention time for both 
aeration regimes. For scenario B, the N2O emission percentage is nearly twice 
as high for intermittent aeration as for continuous aeration. This is because the 
total hydraulic retention time is twice as long for intermittent aeration as for 
continuous aeration. While the total N2O emission is determined by the aerobic 
HRT for scenario A, it is determined by the total HRT for scenario B. The NO 
emission is (almost) unaffected by the HRT as either no NO is formed during 
anoxic periods (scenario A) or all NO formed during anoxic periods is further 
converted to N2O (scenario B). 
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2.5 Conclusions 
A mathematical model for NO and N2O formation by ammonia oxidising 
bacteria (AOB) is proposed, answering an urgent need in this respect. Since 
the exact formation mechanisms for NO and N2O formation by AOB are not 
yet known, two possible reaction scenarios have been considered, making use 
of reducing equivalents from either ammonia oxidation to nitrite or from 
biomass oxidation. In scenario A, NO and N2O are only formed under aerobic 
conditions, whereas for scenario B, NO and N2O are also formed under anoxic 
conditions. 
These two scenarios have been compared in a simulation study, assessing 
the influence of the aeration/stripping rate and the resulting dissolved oxygen 
(DO) concentration on the NO and N2O emission from a SHARON partial 
nitritation reactor. Comparing the observed simulation trends with literature, 
no unambiguous decision of the true NO and N2O formation mechanism can 
be made at this point. For further distinction, additional experiments need to 
be performed under intermittent aeration, and by comparing the steady state 
N2O emissions under a continuous and intermittent aeration regime.  
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2.6 Appendix: Differences between the model in this study and the 
version presented at the WEF-IWA Conference on Nutrient Recovery 
and Management 2011 
The model in this contribution was presented for the first time at the WEF-
IWA Conference on Nutrient Recovery and Management (NRM 2011), 9-11 
January 2011, Miami, USA. 
Compared to the NRM 2011 conference contribution, the following changes 
have been made. 
Stoichiometric matrix (Table 2.1) 
x The state variable ‘inorganic carbon’ (CTIC) is now expressed in 
mole.m-3 instead of g C.m-3, which results in a stoichiometric 
coefficient of 0.03 mole.m-3 for processes 1 to 4. 
 
Kinetic expressions (Table 2.2) 
x Process 3A (scenario A): A fraction fDNT,A was added in the kinetic rate 
expression for HNO2 reduction to NO, representing the fraction of 
ammonium oxidized with nitrite as an electron acceptor, as in 
Kampschreur et al. (2007). 
x Process 3B (scenario B): The parameter qmax,AOB (NRM 2011) was 
rewritten in terms of AOBmax,P  through the expression 
AOBBAOB fq max,max, P , resulting in the use of a parameter Bf  
instead of qmax,AOB. Besides, a fraction fDNT,A was added in the kinetic 
rate expression for HNO2 reduction to NO, in the same way as for 
process 3A.  
x Process 4B (scenario B): Analogously to process 3B, the parameter 
qmax,AOB was rewritten in terms of AOBmax,P  through the expression 
AOBBAOB fq max,max, P . 
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Kinetic parameter values (Table 2.4) 
x fDNT,A : The fraction of ammonia oxidised with nitrite as partial electron 
acceptor. This parameter was added to the kinetic expressions for the 
processes 3A and 3B in this study. This can be interpreted as if its value 
was assumed to be fDNT,A = 1 in the NRM2011 contribution. 
x fB: The ratio of maximum NO formation in scenario B versus scenario 
A. In this study, this parameter value was set such that the NO 
production for scenario A and B are comparable, thus that the difference 
in N2O formation would be due to the different mechanism rather than 
due to the used parameter values. The fB value corresponding with the 
NRM 2011 conference was lower, namely 5.0
max
max   
P
qfB  
x AOBHNOK ,2 : Nitrite half-saturation constant. The value of AOBHNOK ,2  
is expressed in terms of the true substrate (HNO2) instead of the total 
nitrite concentration (TNO2), which are related through the acid 
dissociation constant of HNO2:  
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The nitrite half saturation constant, expressed in terms of total nitrite, 
reported by Kampschreur et al. (2007) -3, N.m g 82  AOBTNOK , is 
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Table 2.4: Kinetic parameter values in this study compared to the ones of the 
NRM 2011 conference 
  This study 
Nutrient Recovery and 
Management conference 
2011 
Kinetic parameter Symbol Value Unit Value Unit 
Fraction of ammonia 
oxidized with nitrite as 
partial electron acceptor 
(scenario A) 
ADNTf ,  2.8 10-2 - 1 - 
Ratio of maximum NO 
formation rate in scenario 
B versus A 
Bf  2.4 - 0.5 - 
Saturation coefficient for 
nitrous acid (AOB) AOBHNO
K ,2  2 10-3 g HNO2-N.m-3 8 g TNO2-N.m-3 
 
  
33 

  
 
Chapter 3 Novel method for online 
monitoring of dissolved N2O 
concentrations through a gas stripping 
device 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Chapter 3 
This chapter has been published as Mampaey, K.E., van Dongen, U.G.J.M., 
van Loosdrecht, M.C.M. and Volcke, E.I.P. (2015) Novel method for online 
monitoring of dissolved N2O concentrations through a gas stripping device. 
Environmental Technology 36(13), 1680-1690. 
Sections 3.4.3, 3.5.3 and 3.7.3 are published in Castro-Barros, C.M., Daelman, 
M.R.J., Mampaey, K.E., van Loosdrecht, M.C.M. and Volcke, E.I.P. (2015)
Effect of aeration regime on N2O emission from partial nitritation-anammox
in a full-scale granular sludge reactor. Water Research 68(0), 793-803.
3.1 Abstract 
Nitrous oxide emissions from wastewater treatment plants are currently 
measured by online gas phase analysis or grab sampling from the liquid phase. 
In this study, a novel method is presented to monitor the liquid phase N2O 
concentration for aerated as well as non-aerated conditions/reactors, following 
variations both in time and in space. The monitoring method consists of a gas 
stripping device, of which the measurement principle is based on a continuous 
flow of reactor liquid through a stripping flask and subsequent analysis of the 
N2O concentration in the stripped gas phase. The method was theoretically and 
experimentally evaluated for its fit for use in wastewater treatment context. 
Besides, the influence of design and operating variables on the performance of 
the gas stripping device was addressed. This method can easily be integrated 
with online off-gas measurements and allows to better investigate the origin of 
the gas emissions from the treatment plant. Liquid phase measurements of N2O 
are of use in mitigation of these emissions. The method can also be applied to 
measure other dissolved gasses, such as methane, being another important 
greenhouse gas. 
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3.2 Introduction 
Measuring dissolved gas concentrations is of large importance in the 
environmental protection sector. The application of online dissolved oxygen 
(DO) probes for aeration control is widespread, preventing excessive energy 
demand and associated indirect CO2 emissions. However, for other gases no 
online methods are available. In the last few years, the emission of N2O from 
wastewater treatment plants (WWTPs) has become a matter of growing 
concern, since N2O is a 300 times more potent greenhouse gas than CO2. The 
reported N2O emission data show a huge variation in the fraction of influent 
nitrogen that is emitted as N2O (Ahn et al. 2010b, Foley et al. 2010, 
Kampschreur et al. 2009). A sufficiently high sampling frequency is required 
to accurately quantify the N2O emissions (Daelman et al. 2013). Online gas 
phase monitoring has proven its reliability and applicability to estimate N2O 
emissions (Daelman et al. 2013). However, since N2O is formed in the liquid 
phase, measuring the dissolved N2O concentration is likely to yield more 
information about the N2O formation mechanisms and thus offers more 
opportunities for mitigation control.  
Measurements of the dissolved N2O concentration are conventionally 
performed by either grab sampling followed by GC (gas chromatography) 
analysis (Stuven et al. 1992) or by using a Clark type electrode (Andersen et 
al. 2001, Kampschreur et al. 2008b). The grab sampling method with GC 
analysis requires sample preparation and cannot easily be used for online 
evaluation of the time varying N2O concentrations. The electrode for 
continuous measurement is fragile, requires intensive calibration, is prone to 
fouling and has a limited expected life time of 4 ~ 6 months (manufacturer’s 
data, for example see www.unisense.com/N2O). These drawbacks are 
overcome by the novel method for the measurement of dissolved N2O 
presented in this contribution.  
The method was applied on a SHARON partial nitritation reactor. The 
SHARON process is an innovative biological nitrogen removal process for the 
treatment of ammonium-rich wastewater streams, such as sludge digestion 
reject water (Hellinga et al. 1998). While conventional biological nitrogen 
removal techniques are based on ammonium oxidation via nitrite to nitrate 
(nitrification), followed by reduction of nitrate to nitrogen gas (denitrification), 
the SHARON process aims at oxidation of ammonium to nitrite, while 
preventing further oxidation to nitrate. In this case, the SHARON process is 
coupled with the Anammox process, only about half of the ammonium needs 
to be oxidised to nitrite in the SHARON reactor (Magrí et al. 2007), while the 
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ammonium and nitrite react to form nitrogen gas in the subsequent Anammox 
process (van de Graaf et al. 1995). The SHARON reactor is operated as a 
continuously mixed reactor without sludge retention, so the hydraulic retention 
time equals the biomass retention time. Due to the high nitrite concentration in 
this reactor there is a strong risk for N2O generation (Foley et al. 2010, 
Kampschreur et al. 2009).  
In this contribution a new method for measuring dissolved gas 
concentration based on gas phase measurements is proposed and is 
theoretically substantiated by mass balances. First, the mass balances on which 
the measurement principle relies, are presented. From the mass balances, a 
linear equation is obtained to calculate the dissolved N2O concentration from 
the measured gas phase concentration. The concept of the gas stripping device 
was proven through application on the SHARON partial nitritation reactor. The 
developed method is subsequently analysed for its ease of operation, 
reliability, and performance in terms of maximum sampling frequency and 
detection limit. Potential further applications of the proposed methodology are 
pointed out as well.  
3.3 Materials and Methods 
3.3.1 Lay-out of the gas stripping device 
The proposed method for online monitoring of dissolved gasses relies on a gas 
stripping device, consisting of a stripping flask and a scum trap flask, as 
displayed in Figure 3.1 (the superscript R refers to the reactor). 
 
Figure 3.1: Lay-out of the SHARON reactor (left) and the gas stripping device 
(right) for monitoring dissolved gasses. The dissolved concentration in the 
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reactor,  tC RL , is calculated from the measured gas concentration  tCG 2, . 
Note that the superscript R refers to the reactor. 
A liquid sample stream, in this case from the SHARON reactor, is 
continuously supplied to the stripping flask at a constant flow rate LQ  (in this 
case 84 ml.min-1), while maintaining a constant liquid volume LV  in the 
stripping flask (in this case 100 ml). The scum trap flask is an empty bottle to 
collect entrained scum from the stripping flask. Nitrogen is used as stripping 
gas in the stripping flask through fine bubble aeration at a constant flow rate 
in
GQ  (in this case 1 litre per minute). The gas outflow of the gas stripping device 
is analysed by an online gas phase analyser, in this case an Emerson MLT4 
Rosemount FTIR analyser for its N2O concentration. 
3.3.2 Full-scale SHARON partial nitritation reactor 
The SHARON reactor in Rotterdam is a completely covered reactor with a 
constant liquid volume RLV  of 1500 m3 (Mulder et al. 2001). The reactor is 
fed with reject water from an anaerobic digester. The reactor is being operated 
with alternating aerobic-anoxic periods in such a way that a mean aerobic 
retention time of 1.35 days is established, regardless of the influent flow rate. 
For this purpose, the reactor is operated in 2-hour cycles; the aerated time per 
cycle is determined on the basis of the influent flow rate during the previous 
cycle and the (constant) reactor volume. During the cycles under study, the 
influent was fed at a flow rate of 900 m3.d-1, had a pH of 8.2 and contained an 
ammonium concentration of 1272 g N.m-3. The corresponding operating cycle 
consisted of 98 minutes of aeration and 22 minutes of non-aeration. The reactor 
under study is a completely covered reactor and as a result, the gaseous N2O 
emissions can be representatively measured via the off-gas. 
3.3.3 Full-scale partial nitritation anammox reactor 
The Olburgen treatment plant (the Netherlands) treats the wastewater from a 
local potato processing plant and the sludge digestion reject water originating 
from the municipal WWTP. The industrial wastewater is treated anaerobically 
in upflow anaerobic sludge blanket (UASB) reactors obtaining biogas for 
energy production. The sludge from the municipal wastewater treatment is 
digested and dewatered. The effluents from the UASB reactors and from the 
dewatering system are combined and treated for nutrient removal. First, 
phosphorous is eliminated in a PHOSPAQ unit through struvite precipitation 
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and subsequently the nitrogen removal takes place in a one-stage PNA granular 
sludge reactor. The PNA granular sludge reactor has a liquid volume of 600 
m3 and a headspace volume (gas phase) of 100 m3. It is operated in continuous 
mode at a temperature of 37 °C. The reactor is aerated continuously through 
64 risers at the bottom of the reactor, which provide mixing. The composition 
of the aeration gas varies in function of the fraction of fresh ambient air 
supplied and the fraction of recirculated gas, with lower oxygen content. Figure 
3.2 shows the configuration of the aeration system in the reactor. The amount 
of fresh air (A) is adjusted to control the effluent quality. When the ammonium 
concentration increases and the nitrite concentration drops, more fresh air is 
supplied, thus increasing the dissolved oxygen concentration and enhancing 
the nitrification activity; when the ammonium concentration becomes lower 
than its set-point and the nitrite concentration increases, more recirculated gas 
(D) is provided to the reactor, such that the dissolved oxygen concentration
decreases. The total gas flow rate going in and out of the system (A = B in
Figure 3.2) depends on the working capacity of the two compressors and on
the fraction of fresh air added (position of valve A711 in Figure 3.2). During
normal reactor operation, the switch between more and less added fresh air
results in intermittent cycles of higher and lower fresh air supply in the system
(higher or lower gas flow rate in A and B, aeration). Note that when the speed
of the compressors is kept constant and only the valves of fresh air and
recirculated gas are changed, the total gas flow rate entering into the reactor (C
in Figure 3.2) is constant.
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Figure 3.2: Configuration of the aeration system in PNA reactor under study 
in Olburgen 
3.4 Measurement principle  
3.4.1 Dynamics of the gas stripping device  
The dynamics of the gas stripping device are described by mass balances over 
the stripping flask and the scum trap flask (see Appendix 3.7.1.1): 
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Eq. 3.1 
Eq. 3.2 
Eq. 3.1 and Eq. 3.2 describe the variation of the liquid concentration  tCL  
and the measured gas phase concentration  tCG 2,  in terms of the unknown 
(sampled) liquid concentration  tC RL  (g N.m-3), the N2O concentration in the 
incoming gas stream applied for stripping in the stripping flask,  tCinG  (g N.m-
3), which is typically zero, the (constant) liquid dilution rate in the stripping 
flask 
L
L
L V
QD   (min-1), the Henry coefficient H for N2O ¸
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, the 
interphase transfer rate of the stripping flask akL  (min-1), the stripping gas 
flow rate GQ  (m3.min-1), the liquid volume in the stripping flask LV  (m3) and 
the net N2O formation rate in the stripping flask VR  (g N.m-3.min-1), a positive 
value indicates production while a negative value indicates consumption. The 
latter is assumed constant. The parameter 
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is related to the interphase transfer, while  
G
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2,
5   Eq. 3.4 
represents the (constant) gaseous dilution rate (min-1). 
The gas stripping device described by Eq. 3.1 and Eq. 3.2 can be seen as a 
second order system with time constants  
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related to the interphase transfer, and 
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representing the retention time in the headspace. 
Steady-state operation of the gas stripping device, i.e. once transients due to its 
start-up have faded out, is obtained in case (see Appendix 3.7.1.3) 
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Under these conditions (Eq. 3.7 and Eq. 3.8), solving Eq. 3.1 and Eq. 3.2 yields 
Eq. 3.9. (see Appendix 3.7.1.3):  
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Note that the steady state assumptions Eq. 3.9 and Eq. 3.10 apply to the gas 
stripping device; the monitored reactor as such does not need to be in steady-
state. The linear relationship, Eq. 3.9, between the unknown sampled liquid 
concentration  tC RL and the measured gas phase concentration  tCG 2,
constitutes the theoretical basis of the measurement method. The validity of 
Eq. 3.9 under the conditions given by Eq. 3.7 and Eq. 3.8, was proven 
mathematically for constant, exponential and linear liquid phase concentration 
profiles  tC RL  (in sections 3.7.1.3.1, 3.7.1.3.2 and 3.7.1.3.3, respectively). It 
is assumed that Eq. 3.9 holds for all liquid phase concentration profiles 
encountered in reality on the monitored reactor. This assumption is definitely 
fulfilled for linear combinations of constant, exponential and linear liquid 
phase concentration-time profiles. 
The parameters 1a , 3a  and 5a  in Eq. 3.7 and Eq. 3.8 and Eq. 3.9 can be 
determined from a batch stripping test. During this test, the stripping flask is 
filled batch-wisely with a liquid sample from the reactor under study (in this 
case the SHARON reactor), from which the dissolved N2O is subsequently 
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stripped with N2. The monitored gas phase profile  tCG 2,  from the stripping 
device is then described by (see Appendix 3.7.1.2): 
     taataaatCG  543212, expexp    Eq. 3.11 
This double exponential profile is characterized by the time constant 
headspaceW  (Eq. 3.6) and by another time constant, 
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1W ,  Eq. 3.12 
associated with the stripping of N2O from the liquid phase. The values of the 
parameters ia  are identified from fitting the theoretical profile (Eq. 3.11) to 
the measured data, e.g. by minimising the sum of squared residuals 
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2ˆ  with the simplex algorithm (Nelder and Mead 1965). Note that 
the time constants strippingW  and headspaceW  should be sufficiently different in 
order to allow the unambiguous identification of 3a  and 5a . Given the values 
of 3a  and 1a , the unknown liquid concentrations in the reactor  tC RL  can be 
determined from the monitored N2O gas concentration from the stripping 
device  tCG 2,  with Eq. 3.9. Besides, the N2O formation rate in the gas 
stripping flask VR  is obtained from the estimated value of 1a  through Eq. 3.10. 
It can further be shown that (see Appendix 3.7.1.2) 
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Equations Eq. 3.13 and Eq. 3.14 reveal the dependency of the parameters 2a  
and 4a  on the initial liquid phase N2O concentration in the stripping flask 
 0LC , which equals the initial liquid N2O concentration in the reactor sample 
used during the batch stripping test, and the initial gas phase N2O 
concentration in the stripping device  02,GC , which will be typically zero.  
The liquid N2O concentration in the stripping flask during the batch 
stripping test, corresponding with the gaseous profile given by Eq. 3.11, can 
be calculated from Eq. 3.15 (see Appendix 3.7.1.2):  
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in which the values of ia  have been determined from the stripping gas profile 
(Eq. 3.11) and the values GQ  and LV  are known from the stripping flask setup. 
Note that, even though the expressions for the parameters ia  (Eq. 3.3, Eq. 3.4, 
Eq. 3.10, Eq. 3.13 and Eq. 3.14) contain interesting background information 
on the dynamics of the gas stripping device, their knowledge is not required to 
calculate the liquid N2O concentrations  tC RL  with Eq. 3.9. The same holds 
for the expression for the liquid N2O concentration profile in the gas stripping 
flask during the batch stripping test (Eq. 3.15). 
3.4.2 Dynamics of the SHARON reactor  
The dynamics of the SHARON reactor can be described by Eq. 3.16 and Eq. 
3.17 (see Appendix 3.7.2, superscript R refers to the reactor). 
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Eq. 3.16 and Eq. 3.17 are very similar to Eq. 3.1 and Eq. 3.2 for the batch 
stripping test of the gas stripping device. However, different boundary 
conditions apply. It is reasonably assumed that the reactor influent (originating 
from the anaerobic digesters upfront of the reactor) does not contain dissolved 
N2O, 0,  RinLC and that the reactor aeration gas does not contain N2O, 
0,  RinGC . 
The liquid dilution rate RLD  can be assumed constant, the liquid flow rate
of the reactor does not vary much (in the time frame of a measurement) and 
furthermore, its effect is negligible compared to the interphase transfer. During 
steady state, the aeration flow rate will not exhibit large variations, so RGQ  can
be assumed constant which implies that Ra3  and 
Ra5  are also constant. The
volumetric aerobic N2O formation rate in the reactor RVR  was assumed 
constant. 
The reactor is aerated intermittently, the reactor off-gas profile upon 
turning on the aeration is described by Eq. 3.18 (See Appendix 3.7.2.2): 
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Note that each aeration cycle is considered separately. The observed reactor 
off-gas N2O profile (Eq. 3.18) is similar to the one for the batch stripping test 
(Eq. 3.11), except for the liquid dilution rate ( RLD ) which is not zero for the 
reactor. 
It is important to note that the (constant) volumetric aerobic N2O formation 
rate in the reactor RVR , as well as the interphase transfer rate (for N2O) 
R
Lak  
of the reactor can be calculated from parameter values Ria , which are on their 
turn based on the measured off-gas profile and the corresponding data fit, by 
Eq. 3.24 and Eq. 3.25. 
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As an alternative for Eq. 3.9, which calculates the dissolved N2O concentration 
in the reactor through measuring the stripping gas from the gas stripping 
device, the dissolved N2O reactor concentration profile can also be determined 
from the direct reactor off-gas measurements by Eq. 3.26 (see Appendix 
3.7.2.2).  
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However, the operating conditions in the gas stripping device are better 
controlled and thus the results are assumed to be more reliable. In case 
(vertical) concentration gradients occur, the measurements with the gas 
stripping device yield a local concentration. 
Note that Eq. 3.26 and Eq. 3.15 are essentially the same, except from 3a  being 
replaced by RL
R Da 3 , reflecting the continuous liquid in- and outflow from the 
SHARON reactor, in contrast with the batch-wise operation of the stripping 
flask calibration. 
3.4.3 Dynamics of the partial nitritation anammox reactor  
The emitted N2O is the result of N2O formation and subsequent N2O transfer 
from the liquid phase to the gas phase (stripping). The N2O formation rate and 
the dissolved N2O concentration during the periods of high aeration were 
calculated from the measured N2O gas phase concentration profiles based on 
the findings of Mampaey et al. (2015), each period of high aeration and low 
aeration intensity were considered separately.  
The gaseous N2O concentration profile is described by a double exponential 
profile (Eq. 3.18), which is valid for a N2O formation rate which is either 
constant or is approximated by a linear profile in time (See Appendix 3.7.3.1, 
Eq. 3.113 and Eq. 3.122 respectively). The values of the coefficients ai are 
identified by fitting Eq. 3.18 to the measured gaseous N2O concentration 
profile. The first term on the right-hand side of Eq. 3.18 ( Ra1 ) corresponds to 
steady state and is related to the N2O formation rate (Eq. 3.115 and Eq. 3.123); 
Ra1  is constant if the N2O formation rate is so. The remaining coefficients 
R
ia  
are constant. The second term is related to stripping of accumulated N2O and 
the third one to the headspace dilution.  
The periods of high aeration were split up into a ‘transient part’ (HighT) 
and a ‘steady state’ part (HighSS). The ‘transient part’ of the high aeration 
period corresponds to a switch in the aeration conditions from low to high 
aeration. For this transient part, the measured gaseous N2O concentration 
profile was fitted to Eq. 3.18 assuming a constant coefficient Ra1  (see Eq. 
3.113). This is equivalent to assuming a constant (mean) N2O formation rate, 
HighTR
ONVR
,
, 2
, which is obtained as (Eq. 3.118)  
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From the known gas flow rate RGQ , the liquid flow rate RLQ , the reactor liquid 
volume RLV  and the constants 
R
ia , The corresponding dissolved N2O 
concentration profile during the transient part of the high aerated phase, 
 tC HighTR ONL ,, 2 , was calculated from (Eq. 3.114) as: 
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Under steady state conditions, the gaseous N2O concentration profile (Eq. 
3.18) is simplified to.  
  )(1,, 2 tatC
RHighSSR
ONG    Eq. 3.29 
For the ‘steady state’ part of the high aeration period, it was found that Ra1  
was not constant (see further). In this sense, the steady state part should rather 
be seen as a pseudo steady state. The gaseous N2O concentration profile could 
be fitted to Eq. 3.18 assuming a linear profile of the N2O formation rate in 
time,‘ )(,, 2 tR
HighSSR
ONV . The latter was then obtained from the measured gas phase 
concentration  tC HSR ONG ,, 2  profile during the steady state part as (Eq. 3.129).  
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The steady state dissolved N2O concentration  tC HighSSR ONL ,, 2  was then obtained 
from (Eq. 3.132).  
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For the periods of low aeration, it was not possible to obtain an accurate fit 
for the gaseous N2O profile to Eq. 3.18. However, the liquid N2O 
concentrations at the start (tL0) and the end (tLf) of the low aeration periods are 
known, as they are equal to the ones at the end of the preceding and the start 
of the subsequent high aeration period, which were calculated through Eq. 
3.31. As a result, also the N2O accumulated in the liquid phase during low 
aeration is known. The mean N2O formation rate during low aeration  LowR ONVR ,, 2  
could then be calculated from a N2O mass balance over the low aeration phase, 
considering N2O accumulation in the gas phase and in the liquid phase, as well 
as gaseous and liquid N2O emissions:  
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Note that, in Eq. 3.32, the liquid N2O emissions were approximated based on 
the average of the N2O liquid concentrations at the start and the end of the low 
aeration period. The gas phase N2O concentrations  tC LowR ONG ,, 2 were measured 
on-line. 
Once the mean N2O formation rate LowR ONVR
,
, 2
 was estimated from Eq. 3.32, 
the N2O liquid concentration during the low aeration phase could be 
approximated from: 
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Eq. 3.33 
which is based on an instantaneous mass balance, in which the liquid phase 
outflow of N2O was neglected. Eq. 3.33 can be applied for subsequent time 
instants, given that the liquid N2O concentration at the start of the low aeration 
period is known, being equal to the liquid N2O concentration at the end of the 
preceding high aeration period. 
3.5 Results and discussion 
The characteristics of the gas stripping device were first determined by a batch 
stripping test. With this knowledge, the dissolved N2O concentration in a full-
scale SHARON partial nitritation reactor was monitored over a typical 
operating cycle, as well as the N2O concentration in the gaseous outflow of the 
reactor. Finally, the performance of the presented gas stripping measurement 
method is assessed and potential other applications are indicated. 
3.5.1 Calibration - Batch stripping test 
The monitored gas phase N2O concentrations during the batch stripping test 
are displayed in Figure 3.3A, as is the theoretical fit obtained by Eq. 3.11, 
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which yields 31 1084.4
 a  g N.m-3, 22 1084.4
 a  g N.m-3, 
688.03  a  min-1, 
2
4 1032.5
 a  g N.m-3, 463.25  a  min-1.  
 
Figure 3.3: Results from a batch stripping test: Measured stripping gas N2O 
concentration profile with the data fit to the measurements (A) and 
corresponding liquid N2O concentration profile in the gas stripping device as 
calculated from the gas phase measurements (B). 
 
The measured N2O stripping gas concentration profile is described by Eq. 
3.11, which consists of a constant term and two decreasing exponential terms. 
At the beginning of the batch stripping test, the measured N2O stripping gas 
concentration  tCG 2,  shows an increase which is due to the term 
 taa  54 exp in Eq. 3.11. The corresponding time constant headspaceW , 
being the inverse of the gas phase dilution rate, is calculated from the value of 
5a  (Eq. 3.6): 
min 41.01
5
  
aheadspace
W   Eq. 3.34 
The peak value in Figure 3.3A is obtained when the term  taa  54 exp  
becomes negligible compared to the second term  taa  32 exp in Eq. 3.11, 
in this case after 1 minute. After this peak, the gas phase N2O concentration 
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decreases exponentially and is characterized by the time constant strippingW , 
which is calculated as (Eq. 3.12) 
min 45.11
3
  
astripping
W  Eq. 3.35 
and is associated with the stripping of N2O from the liquid phase. The time 
constant strippingW  is a particular case of the time constant related to interphase 
transfer, with 0 LD : 
min65.01
3
 

 
L
transfer Da
W  Eq. 3.36 
Once both exponential terms become negligible, the gaseous N2O 
concentration profile levels off at a constant value, 1a . In the case of Figure 
3.3A, this steady-state is obtained after 8 minutes. From the value of 1a , the 
volumetric N2O formation rate VR  in the gas stripping device, which was 
assumed constant, is calculated as 
13
1 .dN.m g 70
--
L
G
V V
QaR    Eq. 3.37 
A nonzero value for VR  is found, clearly indicating N2O formation under the 
anoxic conditions. 
The liquid N2O concentration profile in the gas stripping device during the 
batch stripping test was calculated from Eq. 3.15 and is displayed in Figure 
3.3B. It shows an exponential decrease with time constant 
3
1
a
. Note that the 
initial liquid concentration  0LC  can be calculated from Eq. 3.15 as
  58.00
5
35
3
2
3
1  






 
a
aa
Va
Qa
Va
QaC
L
G
L
G
L  g N.m-3. The stripping flask was 
filled with a liquid sample from the reactor under study,  0LC corresponds to
the dissolved N2O concentration in the reactor at the time the liquid sample 
was taken. 
From the experimentally determined values 1a , 2a  and 4a , it is verified 
with Eq. 3.11 that the initial headspace N2O concentration,  02,GC , is zero.
  00 4212,   aaaCG  g N.m-3.
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The akL  value of the gas stripping device can be calculated through Eq. 3.38, 
which directly results from the expression for parameter 3a  (Eq. 3.3) and is 
the equivalent of Eq. 3.25: 
LG
G
L VaHQ
HQaak

 
3
3   Eq. 3.38 
In this case, this yields a akL  value of the gas stripping device of 0.712 min-1, 
for N2O. 
3.5.2 Application to a full-scale PN (SHARON) reactor  
The developed monitoring method based on a gas stripping device was applied 
to a full-scale SHARON partial nitritation reactor. The results for a typical 
operating cycle (98 minutes aeration, 22 minutes non-aeration) are shown in 
Figure 3.4. Note that the figure starts with the non-aerated period of the 
preceding cycle. The operating conditions resulted in an ammonium 
concentration of 503 g N.m-3, nitrite concentration of 650 g N.m-3 and a nitrate 
concentration of 6 g N.m-3 in the reactor.  
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Figure 3.4: Operating results from a SHARON partial nitritation reactor for a 
typical 2 hour cycle: aeration flow rate(A); dissolved oxygen concentration 
and pH (B); Measured reactor off-gas N2O profile (circles), data fit (solid 
line), aerobic formation (dash-dotted lines) and stripping (dashed lines) 
contribution to off-gas N2O concentration (C); Measured stripping gas N2O 
profile (plusses), interpolation (solid line) and calculated dissolved N2O 
concentration profile (plusses, Eq. 3.9) in the reactor (D). Measurements taken 
place on 21/06/2010 for 2h 45 minutes without interruption. 
During the aerated period, the dissolved oxygen level in the reactor is 
controlled at a fixed set point of 2 g O2.m-3 by adjusting the aeration flow rate. 
The set point is reached after 20 minutes, after an initial overshoot up to 3 g 
O2.m-3. When the aeration is turned off, it takes 8 minutes until the residual 
dissolved O2 is consumed. During aeration, the (small amount of) ammonium 
which accumulated during the anoxic period is converted into nitrite, resulting 
in a pH decrease. During the anoxic part of a cycle, the pH increases slightly 
(0.15 units), which is mainly due to continuous feeding while no ammonium 
oxidation occurs. Since virtually all buffer (TIC) is stripped, very small cyclic 
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variations in ammonium conversion to nitrite provoke a measurable pH 
variation. 
The raw measurement data concerning the N2O concentration in the reactor 
off-gas are shown in Figure 3.4C. During aeration, a double exponential profile 
(Eq. 3.18) was fitted to the measurement data, which resulted in the following 
expression (Eq. 3.39, in g N.m-3) and is taken up in Figure 3.4C (in ppm):  
     tttC RG  425.0exp651.0042.0exp564.0174.02,   Eq. 3.39 
The N2O emission was calculated from the reactor off-gas measurement data 
and from the corresponding data fit (Eq. 3.39) as 1935 g N and 1975 g N, 
respectively.  
The dissolved N2O concentration in the reactor was calculated from the 
measurements with the gas stripping device through Eq. 3.9, which assumes 
steady-state of the gas stripping device (see section 3.5.4), and is displayed in 
Figure 3.4D, plusses right hand axis. 
The dissolved N2O concentration during the preceding non-aerated period 
increased from 0.9 g N.m-3 to 1.8 g N.m-3 in 25 minutes - based on the available 
measurement data. This corresponds with an accumulation of 1335 g N for the 
given reactor volume, and with an average anoxic N2O formation rate in the 
reactor of 51 g N.m-3.d-1. During subsequent aeration, the dissolved N2O 
concentration decreased exponentially from 1.8 to 1.0 g N.m-3, corresponding 
with a decrease of 1170 g N over the aerated period (98 min).  
From the reactor off-gas N2O measurements and the data fit (Eq. 3.39), the 
aerobic N2O formation rate was calculated through Eq. 3.24, with 
3
1 .174.0
 mNga R  and 13 min042.0
-Ra  , which yielded an average aerobic 
N2O formation rate  RVR  of 10.8 g N.m-3.d-1 over the aerated period (98 min). 
The N2O emission related to aerobic N2O formation is graphically represented 
by the area shaded with the black dash-dotted lines in Figure 3.4C and accounts 
for 1087 g N out of 1975 g N. The difference, represented by the area shaded 
with green dotted lines in Figure 3.4C, is the emission due to anoxic N2O 
formation, which amounts to 888 g N. An accumulation of 0.1 g N.m-3 
dissolved N2O (or a total of 150 g N) over the considered cycle was measured 
by the gas stripping device. From the emission due to anoxic N2O formation 
and the N2O accumulation in the liquid phase, the average anoxic N2O 
formation rate was calculated as: 
  1311
3 .dN.mg45h.d24min.h60m1500min22
Ng150888   

 RVR .  
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Note that this is an independent calculation of the anoxic N2O formation in the 
reactor compared to the direct measurement with the gas stripping device 
during the non-aerated period.  
The anoxic N2O formation rate calculated from the gas stripping device 
(51 g N.m-3.d-1) on the one hand and the reactor off-gas measurements (45 g 
N.m-3.d-1) on the other hand only differ in 12%, which underlines the reliability 
of these methods. Besides, it can reasonably be expected that the accuracy of
the estimates will increase as more cycles are taken into account.
As an alternative for the gas stripping device, the dissolved N2O 
concentration profile during aeration in the reactor can be calculated based on 
the reactor off-gas profile (Eq. 3.26, see Appendix 3.7.2.2):  
   ttC RL  042.0exp55.019.0  Eq. 3.40 
When comparing the results (Appendix 3.7.2.2), the dissolved N2O 
concentration profile calculated from the reactor off-gas (Eq. 3.40) appears to 
be lower than the one from the gas stripping device (Eq. 3.9), which is 
attributed to the uncertainty in the value of the reactor characteristics (the 
reactor’s aeration flow rate  RGQ , volume  RLV  and interphase transfer rate
 RLak , besides the Henry coefficient  H ), and mainly due to the spatial
variations in the SHARON reactor caused by a hydrostatic pressure gradient, 
resulting in a vertical concentration gradient and affecting the interphase 
transfer. In contrast, the concentration profile calculated from the reactor off-
gas yields an average over the reactor. However, both methods describe a 
similar decrease in dissolved N2O concentration over the aerated period, 0.8 g 
N.m-3 for gas stripping device measurements and 0.6 g N.m-3 based on the off-
gas measurements.
Overall, the gas stripping device provides an adequate method to indirectly 
measure dissolved N2O gasses in the liquid phase, for aerated as well as non-
aerated conditions/reactors. Apart from the liquid N2O concentration 
measurements, the N2O formation rate can be determined as well. 
Based on the example cycle of Figure 3.4, the majority of the N2O emission 
for the partial nitritation reactor is due to anoxic N2O formation. The factors 
influencing the N2O formation and emissions, as well as design and control 
propositions to minimise the N2O emissions are assessed in more detail in 
Chapter 4. 
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3.5.3 Application to a full-scale PNA reactor 
The developed monitoring method was applied to a full-scale partial nitritation 
anammox reactor. The main difference with section 3.5.2 is that this reactor is 
continuously aerated, with a high-low aeration intensity, whereas the 
SHARON reactor was controlled with an on-off aeration regime. 
Focussing on the dynamic reactor behaviour, an interval of 5 hours during 
normal operation, with two steps of high aeration and two of low aeration was 
selected (Figure 3.5). This period was chosen because of its constant liquid 
flow rate (129 m3.h-1) and because of the intermittent variation of the aeration 
between the same high and low aeration levels (4041 m3.h-1 and 1088 m3.h-1, 
respectively) during consecutive cycles. 
Figure 3.5: Concentration profiles (A) and mass flow rates (B) of ammonium 
and nitrite in the liquid effluent and N2O in the off-gas of the PNA granular 
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sludge reactor, besides the aeration gas flow rate. Data from normal reactor 
operation on 24 August 2011 
During high (intense) aeration periods, the ammonium concentration 
decreased from 25 to 17 g N.m-3, while the nitrite only slightly increased (4.7– 
6.6 g N.m-3) (Figure 3.5A), reflecting a slightly higher increase in anammox 
activity than in nitrifying activity. The inverse effect was seen during 
decreased aeration. As a result, the ammonium removal efficiency in the 
reactor varied between 93% and 95%.  
The emitted N2O load (Figure 3.5B) is the result of N2O formation in the 
liquid phase and subsequent N2O transfer from the liquid phase to the gas 
phase (stripping). The calculated mean N2O formation rate, as well as the 
liquid N2O concentration profile for the four periods of high and low aeration 
are displayed in Figure 3.6. The absolute amounts of the N2O emission and 
formation and the mean N2O emission and formation rates are summarized in 
Table 3.1 (Castro-Barros et al. 2015). The (time-weighted) mean N2O 
formation rate for the two high aeration periods was 0.050 kg N.m-3.d-1 and the 
mean N2O formation rate for the two low aeration periods was 0.029 kg N.m-
3.d-1.
Figure 3.6: Volumetric N2O formation rate and liquid N2O concentration 
calculated from data from normal reactor operation on 24 August 2011. To 
allow easy comparison, the N2O emission rate has been expressed relative to 
the reactor volume. 
Comparing the N2O formation rate with the N2O emission rate (Figure 
3.6), it is clear that at the beginning, i.e. during the ‘transient part’, of the high 
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aeration step the amount of N2O that was stripped was about 1.5 times higher 
than the amount that was formed. During the following ‘steady state’ part of 
the high aeration step, the emitted N2O almost equalled the formed N2O, which 
implies the third term of Eq. 3.32 is clearly the dominant one in this case. 
Nevertheless, the slight decrease of N2O in the liquid phase revealed that the 
N2O emission was somewhat higher than the production during this period. 
During low aeration periods not all formed N2O was transferred to the gas 
phase. This resulted in N2O accumulation in the liquid phase (Figure 3.6) 
during low aeration periods, and an associated increase in the N2O gas phase 
concentration (Figure 3.5A). Analogously, high aeration periods are 
characterized by decreasing N2O concentration. Note that, overall, for the four 
intervals considered, the total amount of N2O emitted equals the amount of 
N2O formed (difference of (5.39-5.25)/5.39*100=2.7%, see Table 3.1), 
reflecting a closed mass balance.  
 
Table 3.1 N2O emission (measured), formation and emission factor 
(calculated) during two selected periods of high aeration (HA) and two 
selected periods of low aeration (LA). Data from normal reactor operation on 
24 August 2011 (Figure 3.5), From (Castro-Barros et al. 2015) 
 HA (6:50–8:30) 
LA 
(8:30–9:35) 
HA 
(9:35–11:00) 
LA 
(11:00–12:00) 
Overall 
(6:50–12:00) 
Absolute amount of N2O 
emitted (kg N) 2.20 0.514 2.01 0.528 5.25 
Mean N2O emission rate  
(kg N. m-3.d-1) 0.051 0.020 0.056 0.021 
Absolute amount of N2O 
formed (kg N) 2.08 0.719 1.82 0.768 5.39 
Mean N2O formation rate (kg 
N.m-3.d-1) 
0.049 0.028 0.052 0.031  
Mean N2O emission factor 
(%) 2.7% 2% 3.1% 2%  
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Figure 3.7: Concentration profiles of N2O in the off-gas of the reactor, 
ammonium and nitrite in the liquid effluent and aeration gas flow during a test 
showing the effect of the switch from no fresh air addition to only fresh air 
addition into the reactor. 
A dedicated experiment was carried out to assess the effect of more severe 
aeration conditions than during normal reactor operation on the N2O emission. 
Therefore, the aeration was changed in 3 senses: duration of the intervals, 
composition of the gas going into the reactor (more or less fresh air) and 
sharpness of the transition from low to high oxygen content (anoxic to 
completely aeration conditions). Firstly, the fresh air supply was stopped 
during 2 h (10:30 to 12:30 on August 26th), while a small gas recirculation was 
kept for biomass suspension and mixing (compressors working at 15% of their 
capacity). Subsequently, the recirculated gas was stopped and only fresh air 
was drawn into the reactor during 28 h (12:30 on August 26th to 16:30 on 
August 27th) at a relatively constant gas flow rate with a mean value of 4188 
m3 h-1 (Figure 3.7). 
During the period without fresh air addition, ammonium accumulated in 
the reactor up to 107 g Nm-3, which was more than 4 times higher than the 
maximum ammonium concentration during normal reactor operation, while 
the nitrite concentration decreased to 2.4 g Nm-3. During this period, the 
ammonium oxidation rate (AOR) decreased due to the low nitrifying and 
anammox activities from 1.7 kg N.m-3.d-1 during high aeration for normal 
reactor operation to 0.50 kg N N.m-3.d-1 (Castro-Barros et al. 2015). N2O 
accumulated in the beginning of the non-aeration period reaching a peak N2O 
gas concentration of 615 ppm, which subsequently dropped to 8 ppm (Figure 
3.7). The stop of the gas recirculation and the addition of fresh air into the 
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reactor improved the nitrification activity with a high AOR peak of 2.0 kg N.m-
3.d-1 in the beginning of this aeration stage and an increase in the nitrite 
concentration which afterwards remained practically constant during the 
complete aeration period (5.6 g N.m-3) (Figure 3.7). With the enhanced 
aeration, the ammonium concentration decreased to 5.8 g N.m-3 with a 
subsequent slight increase at the end of the aeration period (Figure 3.7) 
corresponding with a slight decrease in the AOR, from 1.8 kg N.m-3.d-1 to 1.6 
kg N.m-3.d-1 (08:00-10:00 on 27 August). During the anoxic period there was 
no gas flow through the reactor. As a consequence, the liquid N2O 
concentration cannot be calculated from the gas phase concentration. Given 
that the transient phase during normal reactor operation lasted about 20 min 
(Figure 3.5) while applying a somewhat lower aeration rate (4014 m3.h-1 during 
normal operation and 4188 m3.h-1 in this experiment), it was reasonably 
assumed that, 1 h after switching on the aeration, steady state was reached 
during the experiment. The N2O formation rate in this period was then 
approximated assuming that it equalled the N2O emission rate, as it was 
showed for the steady state part of the high aeration period during normal 
reactor operation (Figure 3.6) that these values were very close. As the gas 
flow rate remains practically constant in the period of high aeration (12:30 on 
August 26th onwards on Figure 3.7), the N2O emission (and formation) rate 
closely followed the N2O concentration profile for the mentioned period. A 
mean N2O formation rate of 0.064 kg N.m-3.d-1 was found in the beginning of 
the aeration interval (13:30-15:30 on August 26th), after which the formation 
rate was decreasing along prolonged aeration period, to 0.013 kg N.m-3.d-1. 
Overall, the mean N2O formation rate for the whole aeration period was 0.029 
kg N.m-3.d-1, which is very similar to the values calculated for low aeration 
intervals during normal operation (Table 3.1). The maximum N2O 
concentration reached in the headspace of the reactor after switching on the 
aeration (337 ppm) was comparable to the concentration after the stripping 
peak emission during intense aeration intervals during normal reactor 
operation (318 ppm), this is, the plateau observed just after the rapid decrease 
in the curve of the N2O concentration in Figure 3.5. The emission and 
formation of N2O decreased together with the drop in the ammonium 
concentration. After 12 h of applying continuous aeration, the N2O formation 
increased, accompanied by a slight increase in the ammonium concentration. 
The cause for the large variation in N2O formation rate is twofold. The initial 
high N2O formation rate and subsequent decrease followed the ammonium 
concentration profile in the reactor. Subsequently, the ammonium 
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concentration and the N2O formation increased, while the AOR decreased 
(Castro-Barros et al. 2015). Changes in the relative contribution of different 
N2O formation pathways (direct, indirect and heterotrophic pathway) caused 
the varying N2O formation rate.  
In general, the emission factor from one-stage PNA processes is expected 
to be lower than from two-stage PNA processes since the accumulation of 
nitrite is prevented in the first (low and practically constant for this study, 5-
7mgN.L-1 during normal reactor operation) and this accumulation can also be 
correlated to the enhancement of N2O emissions (Colliver and Stephenson 
2000, Kampschreur et al. 2008b, Okabe et al. 2011). However, caution should 
be taken when interpreting measurement data from literature, since seasonal 
variations as well as sampling strategies may influence the N2O emissions 
(Daelman et al. 2013) and should be taken into account when comparing 
different emission factors. 
Evidence is available that aerated zones in WWTPs are prone to higher 
N2O emissions compared to non-aerated zones or anoxic conditions (Ahn et 
al. 2010a, Ahn et al. 2010b). This is confirmed by the results from normal 
reactor operation (Figure 3.5), and from the dedicated experiment (Figure 3.7) 
obtained for the one stage partial nitritation anammox reactor, showing higher 
emissions and formation during periods with higher aeration. 
The highest N2O formation rate was found when recovering from an anoxic 
period, when a significant accumulation of ammonium (up to 107 g N m-3) 
took place, to an enhanced aeration interval with only fresh air addition (0.064 
kg N.m-3.d-1 10:30-12:30 in Figure 3.7) (Castro-Barros et al. 2015). This 
coincided with the highest AOR resulting from the high ammonium 
concentration at the point aeration was resumed. The transient from anoxic to 
aerobic conditions as well as the accumulation or unlimited availability of 
ammonium was correlated to N2O formation in other studies (Ahn et al. 2010a, 
Chandran et al. 2011, Yu et al. 2010). Law et al. (2012) reported a positive 
correlation between ammonium oxidation rate and N2O formation, attributing 
the N2O formation to the hydroxylamine route. Wunderlin et al. (2012) 
identified high ammonium concentrations and aerobic conditions (high 
nitrifying activity) as important factors affecting the N2O formation. 
For the normal reactor operation, higher emissions were found during 
higher aeration periods, which is not only due to enhanced stripping of N2O 
from the liquid phase to the gas phase, but also by a higher N2O formation rate 
during periods with intense aeration (Figure 3.6). Low aeration periods 
resulted in a lower N2O emission due to its accumulation in the liquid phase 
and the lower formation rate of N2O. More specifically, the highest N2O 
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emission and formation during normal reactor operation were found during the 
transient from low to high aeration. This indicates that sudden changes from 
relatively low oxygen content (or anoxic conditions) to relatively high oxygen 
conditions, favour the formation of N2O. The recovery from anoxic and from 
low aeration periods have the accumulation of ammonium, a higher 
ammonium oxidation rate, no accumulation of nitrite and transient to a more 
aeration state (higher oxygen content) in common, which result in higher N2O 
formation (0.064 kg N.m-3.d-1 N2O formation rate upon recovery from anoxic 
conditions and 0.050 kg N.m-3.d-1 upon transition from low aeration periods 
during normal reactor operation). These findings suggest that the 
hydroxylamine pathway is an important contributor in the formation of N2O 
during the transient from low aeration (or anoxic) periods to higher aeration 
intervals. However, heterotrophic denitrification cannot be discarded as an 
influencing contributor in the formation of N2O, while the relative importance 
of both pathways is unknown. The complete stop in the aeration for a 
prolonged period (10:30-12:30 in Figure 3.7) decreased the N2O concentration 
inside the reactor and no N2O emission peak was observed due to stripping of 
accumulated N2O once the aeration was put on again (Figure 3.7). These facts 
suggest a consumption of N2O during the period without aeration, for which 
anoxic conditions can be reasonably assumed, since no fresh air was added, 
the nitrifying activity was decreased (abrupt accumulation of ammonium, 
Figure 3.7) and the anammox activity would produce N2, helping to avoid the 
entrance of air from outside. Moreover, the delay observed in the emissions 
once the aeration starts (12:30 onwards in Figure 3.7) suggests that the N2O is 
formed when the fresh air is added into the reactor, but not during the previous 
anoxic interval. These results are similar to the ones of Hu et al. (2013), who 
observed in a lab-scale anoxic/aerobic reactor for nitrogen removal no 
emission of N2O during the anoxic phase and to the study of Domingo-Félez 
et al. (2014), who found reduction of N2O during anoxic periods in two 
labscale nitritation-anammox reactors. In those cases, the N2O emission 
decrease during anoxic periods was attributed to heterotrophic denitrification. 
Kartal et al. (2011) showed that N2O is not an intermediate in the 
denitrification by anammox bacteria. 
Overall, smoother shifts in the aeration pattern are recommended to 
minimize N2O emissions, as the transitions during normal reactor operation 
(less abrupt, Figure 3.5) reported lower N2O emissions than the recovery from 
anoxic conditions (Figure 3.7).  
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3.5.4 Gas stripping device performance 
The performance of the gas stripping device for online measuring of the 
dissolved gas concentration is characterized by the detection limit, i.e. the 
lowest measurable dissolved N2O concentration, and the bandwidth (Levine 
1996), i.e. the fastest change in dissolved N2O concentration which can still be 
captured. The gas stripping device is described as a second order system, 
consisting of a series of two first order systems (Eq. 3.53 and Eq. 3.54). 
The lower detection limit of the gas stripping device for dissolved 
concentrations equals the detection limit of the gas phase analyser multiplied 
with the gain of the gas stripping device. The Bode amplitude diagram of the 
gas stripping device expresses the amplitude ratio between the output   tCG 2,
and the input   tC RL  for an incoming sine wave in terms of its frequency and
is displayed in Figure 3.8. Its maximum value, the system gain K, is calculated 
as  
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  Eq. 3.41 
K= 0.0378 (absolute value) or K= -28.5 dB 
which means that a gas phase measurement of 1.0 ppm, being the lower 
detection limit of the gas phase analyser corresponds to a dissolved N2O 
concentration of 0.03 g N.m-3. The lower detection limit of 0.03 g N.m-3 is 
more than sufficient in the present case as the measured dissolved N2O 
concentration ranged from 0.8 to 1.8 g N.m-3 (Figure 3.4D).  
Figure 3.8: Bode amplitude diagram of the gas stripping device under 
continuous operation, with identification of the bandwidth ( cZ ), the system 
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gain (K) and the time constants headspaceW  and transferW , related to the headspace 
and interphase transfer, respectively. 
 
The bandwidth of the gas stripping device is defined as the range of frequencies 
for which the amplitude ratio is higher than or equal to 70.7% (-3dB) of the 
value at Z =0 (Levine 1996) and comprises the frequency range from 0 to the 
so-called corner frequency Zc. The corner frequency corresponds to the 
maximum sampling frequency which can be adequately captured by the 
system. From Figure 3.8, the bandwidth of the gas stripping device in this study 
was determined as cZ  = 1.20 rad.min-1, which implies that changes in the 
liquid concentration  tC RL  with a period of at least 5.3 minutes or a time 
constant ¸¸¹
·
¨¨©
§
 
c
c Z
W 1 of 0.83 min or higher (slower changes) are adequately 
captured by the gas stripping device, while this is not the case for variations 
with a frequency higher than 0.19 min-1. For the cycle studied in Figure 3.4, 
the dissolved N2O concentration decreases exponentially with a rate of 0.042 
min-1 during aeration, or a time constant RW  of 23.8 min (Eq. 3.42), which lies 
in the bandwidth of the gas stripping device.  
 min83.0min8.23min
042.0
1  !!  c
R WW   Eq. 3.42 
It is important to note that the corner frequency cZ  is always smaller than the 
smallest of the values
headspaceW
1  and 
transferW
1 , meaning that the maximum 
frequency which can be adequately captured by the gas stripping device is 
smaller than the frequency corresponding to the largest (slowest) of the two 
time constant headspaceW  and transferW . 
The performance of the gas stripping device can be increased by increasing the 
gain (Eq. 3.41) and/or increasing the bandwidth. The latter is achieved by 
decreasing the time constants headspaceW  (Eq. 3.34) and transferW  (Eq. 3.36), the 
largest (slowest) of which being the performance-limiting. Note that in this 
study, both time constants are very similar in magnitude ( min41.0 headspaceW
, min65.0 transferW ), so neither of the two time constants can be considered as 
dominant or can be neglected, as would be the case for a significantly faster 
(smaller) time constant.  
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Overall, the following design and operating parameters of the gas stripping 
device can be adjusted to increase its performance in terms of gain and/or 
bandwidth:  
x Increasing the interphase transfer coefficient akL  of the gas stripping
device leads to an increasing bandwidth through decreasing transferW  and
to an increasing gain K. The akL  is a design parameter which can be
increased by using a bubble aerator with finer pores. For the given case
study, a 10% increase of akL  yields a 3% increase in bandwidth and a
5% increase in gain.
x Increasing the gas flow rate GQ  results in a direct increase of the
bandwidth through decreasing transferW and headspaceW  , as well as in an
indirect increase of the bandwidth through an increasing akL  with
increasing GQ . However, an increasing gas flow rate has an adverse
effect on the gain of the gas stripping device, decreasing its value (Eq.
44), even though this is (partially) countered by the associated increase
in akL . When only taking the direct effect into account, a 10% increase
in GQ  increases the bandwidth with 3% and yields a 9% decrease in
gain.
x Decreasing the liquid volume LV  will result in an increasing bandwidth
through decreasing transferW . However, the gain will decrease with a
decreasing LV . In this study, a 10% decrease of LV  yields a 4% increase
in bandwidth and a 6% decrease in the gain.
x Increasing the liquid flow rate LQ will result in an increasing bandwidth
through decreasing transferW  and to an increasing gain. In this study, a
10% increase of LQ  yields a 4 % increase in bandwidth and a 4%
increase in the gain.
x Decreasing the headspace volume 2,GV .increases the bandwidth
through decreasing transferW  but does not affect the gain of the gas
stripping device. Decreasing 2,GV  by 50% yields a 17% increase in
bandwidth.
If one would want to increase the performance of the gas stripping device, 
it would be most straightforward to achieve this by decreasing the headspace 
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volume 2,GV  (increases the bandwidth), by increasing the liquid flow rate LQ  
(increases both bandwidth and gain) and/or by increasing the akL  (increases 
both bandwidth and gain) by having smaller bubbles. In this study, the gas 
stripping device was able to measure dynamics on a minutely time scale with 
a lower detection limit of 0.03 g N.m-3. 
The detection limit is somewhat higher than the detection limit of commonly 
applied microsensor (0.003~0.014 g N.m-3, Unisense), which depended on the 
detection limit of the gas phase analyser. A similar detection limit can be 
achieved by using a gas phase analyser with a lower detection limit. 
Nevertheless, the performance of the gas stripping device was judged sufficient 
in terms of both maximum sampling frequency and detection limit for most 
conventional activated sludge systems. The dissolved N2O concentration in 
conventional activated sludge systems shows a large spatial and temporal 
variability. Ahn et al. (2010a) report dissolved N2O concentrations ranging 
from 0.012 to 0.57 g N.m-3 whereas (Foley et al. 2010) report values between 
0.01 and 1.2 g N.m-3. Note that the detection limit and sampling frequency 
could be adjusted according to the needs of the process which is being 
monitored. 
3.5.5 Complementarity to other measurement methods & application 
potential  
In this contribution, it was demonstrated that dissolved N2O concentrations in 
a (SHARON) reactor can be measured based on gas phase measurements 
through a gas stripping device (Eq. 3.9) connected to the reactor.  
As reported, N2O emissions from treatment plants vary both in space as in 
time (Ahn et al. 2010a, Daelman et al. 2013). The N2O emissions can be 
measured by utilising a floating hood, e.g. Lindvall hood (Lindvall et al. 1974) 
or US EPA surface emission isolation flux chamber (Ahn et al. 2010b). The 
liquid N2O concentration profile can be measured simultaneously with the 
gaseous N2O emissions, by switching between two sampling points, one for 
the reactor off-gas and one for the stripping gas, with respect to the gas stream 
sent to the analyser.  
Analysis of liquid grab samples requires sample preparation and time. The 
salting out method of Daelman et al. (2012), requires preparation of salt 
solution, while the vacutainer method of Guisasola et al. (2008) requires time 
to attain the Henry equilibrium. A gas sample is taken from the headspace and 
65 
Chapter 3 
injected in a GC. The discrete nature of the grab samples limits the time 
resolution, and the analysis result cannot be used for online control. 
A similar setup as in this contribution was used by Wicht and Beier (1995), 
however, no scum trap flask was used and the stripping gas was recirculated 
from the analyser to the stripping flask. Henry equilibrium was assumed (Eq. 
3.43), equivalent to stating f akL . Additionally, no N2O formation or 
consumption is considered in the stripping flask. From a mass balance and the 
measured changes in gas phase concentration, the sampled liquid N2O 
concentration is calculated. However the technique was not further elaborated. 
GHL pkc    Eq. 3.43 
The stripping flask of Wicht and Beier (1995) has a liquid volume of about 100 
litres, in order to obtain a similar time constant transferW  as in our case, LQ
should be around 0.1 m3.min-1, which represents a significant pumping flow 
rate. 
Yu et al. (2010) used a continuous gas flow of air or N2 to impose aerobic 
and anoxic conditions to a lab-scale (4L) reactor. Re-arrangement of the gas 
phase mass balance, also assuming Henry equilibrium yields Eq. 3.44, from 
which the dissolved N2O concentration was calculated. However, the 
theoretical background for this equation was not given. 
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The authors also tried to validate the calculation with microsensor 
measurements (Unisense), but the measurements were precluded by 
interference of DO and possibly NO (Yu et al. 2010). High concentrations of 
CO2 also give rise to interference of the microsensor.  
The proposed measurement technique gives online dissolved concentration 
and can be used in simultaneously with emission measurements. N2 was used 
as stripping gas, however, ambient air could be used as an alternative, without 
any change in the measurement protocol. The parameters 1a  and 3a  are 
obtained from the batch stripping test and the dissolved concentration  tC RL
is calculated from Eq. 3.9, as shown in Appendix section 3.7.1.3.5. 
The knowledge of the dissolved N2O concentration profile is most useful 
to identify N2O formation mechanisms and can be used as a basis for 
mitigation of the emission of this greenhouse gas. In view of online control, 
measuring N2O liquid concentration profiles is advantageous compared to 
measuring N2O in the reactor off-gas, since the latter always lags behind. 
Besides, for open (non-covered) reactors, the gas measurement, e.g. through a 
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floating hood, is very location-specific, while horizontal spatial concentration 
gradients in the liquid phase are likely to be less pronounced. In case of non-
ideal mixing or plug-flow reactors, the proposed measurement method can also 
be applied to monitor spatial liquid concentration gradients, targeting specific 
sampling locations in the reactor. Furthermore, the application of the gas 
stripping device is not limited to measurements under aerated conditions or in 
aerated reactors. The gas stripping device can equally well be used to monitor 
the dissolved (N2O) profile in non-aerated reactors, which is not the case when 
using the floating hood technique.  
The measurements made with the gas stripping device also allowed direct 
calculation of the anoxic N2O formation rate from the dissolved N2O profile 
in the reactor. By monitoring the dissolved (N2O) concentration, the origin and 
rate of N2O formation can be investigated, even in non-aerated reactors. 
Finally, the application of the gas stripping device is not limited to 
measuring dissolved N2O, but can also be applied for the measurement of other 
dissolved gases for which no specific probes are available or their application 
is limited by a limited lifetime, high investment and maintenance cost, etc. The 
gas stripping device could for instance be used for online monitoring of 
dissolved concentrations of methane, another important greenhouse gas 
besides N2O. The measuring methodology also needs to be calibrated for CH4, 
however, the calibration for N2O and CH4 can be combined in a single batch 
stripping test. The measurement of volatile fatty acids in fermentative 
processes constitutes another potential application. 
 
3.6 Conclusions 
x A novel measuring technique for dissolved gas (N2O) concentrations 
was theoretically derived, experimentally developed and presented. 
x The gas stripping device provides an adequate method to indirectly 
measure dissolved N2O gasses in the liquid phase, for aerated as well 
as non-aerated conditions/reactors, following variations both in time 
and in space. 
x The proposed measurement technique was demonstrated on a 
SHARON partial nitritation reactor. Apart from the liquid N2O 
concentration measurements, the N2O formation rate was determined 
as well. 
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x The gas stripping device can reliably measure variations on a minutely
time scale. This time scale can be adjusted according to the needs of the
process which is being monitored.
x The N2O formation rate and the N2O liquid concentration profiles were
calculated from the gas-phase measurements and known operating
parameters during the normal operation of the reactor for both full-scale
partial nitritation and partial nitritation anammox reactor.
x The effect of aeration on the N2O formation rates differed for the two
reactors. In the partial nitritation reactor the highest N2O formation rate
was obtained under anoxic conditions. In the partial nitritation
anammox reactor, the highest N2O formation rate was obtained under
the highest aeration intensity.
x Under anoxic conditions, N2O was consumed in the partial nitritation
anammox reactor, whereas N2O accumulated in the partial nitritation
reactor.
x Increase in ammonium conversion rates led to increased N2O formation
and emission, therefore, transient aeration patterns from low (or anoxic)
to high aeration seem to be negatively affecting the N2O emission rate
and a more continuous aeration might give a lower emission rate.
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3.7 Appendix 
3.7.1 Gas stripping device 
Mass balances are set up over the gas stripping device, describing its dynamics 
in terms of the measured stripping gas concentration  tCG 2,  and the sampled 
liquid concentration  tC RL  (Section 3.7.1.1). In solving these mass balances, 
two distinct operating modes for the gas stripping device are considered. First, 
the characteristics of the gas stripping device are determined by a batch 
stripping test (section 3.7.1.2). Subsequently, the sampled liquid concentration 
profile  tC RL  is determined from continuous operation of the gas stripping 
device (section 3.7.1.3). 
 
3.7.1.1 Overall dynamics of the gas stripping device 
The gas stripping device (Figure 3.1) involves two subsystems, for which mass 
balances are set up. The first subsystem comprises the stripping flask with 
liquid volume LV  and gas bubble volume 1,GV . The second subsystem is the 
total headspace (gas phase) volume of the gas stripping device, 2,GV , 
consisting of the combined headspace volume of the stripping flask and the 
scum trap flask.  
The following assumptions were made 
x The liquid and gas phase in subsystems 1 and 2 ( LV , 1,GV , 2,GV ) are 
perfectly mixed.  
x The gas phase (bubbles) in subsystem 1 is in quasi steady-state, 
 
01,1,,  

dt
VtdC GGx , considering the short gas residence time relative 
to the time constant for interphase mass transfer and biological 
conversion rates.  
x The volumes LV  and 2,GV  are constant.  
Under these conditions, the liquid and gas phase mass balances over the 
stripping flask (subsystem 1) for a component with concentration  tCL  in the 
liquid phase and  tCG 1,  in the gas bubbles are given by Eq. 3.45 and Eq. 3.46, 
respectively. The mass balance over the total gas phase volume of the gas 
stripping device (subsystem 2) is given by Eq. 3.47. 
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L
L
L V
QD  and 
2,G
G
G V
QD  represent the liquid and gas phase dilution rate 
respectively, both expressed in min-1. They are assumed constant, even though 
Eq. 3.45 - Eq. 3.47 are also valid for varying flow rates QL and QG, as long as 
VL and VG,2 are constant. The parameters akL  and LV  denote the interphase 
transfer rate (min-1) and the liquid volume (m3) of the stripping flask 
respectively. The variable  tRV  is the volumetric N2O formation rate in the 
gas stripping device (g N.m-3.min-1). H  represents the dimensionless Henry’s 
law constant for N2O. 
From the gas phase mass balance Eq. 3.46, an algebraic relationship 
between the gas phase concentration  tCG 1,  and the liquid phase concentration 
 tCL  is obtained: 
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By substitution of Eq. 3.48 in Eq. 3.45 and in Eq. 3.47, the gas phase (bubble) 
concentration  tCG 1,  is eliminated from the mass balances Eq. 3.45 and Eq. 
3.47, which are thus written explicitly in terms of the liquid concentration 
 tCL  and the concentrations in the incoming streams,  tC RL  and  tCinG : 
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LLG
GL
VakHQ
HQaka

 3   Eq. 3.3 
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Eq. 3.49 and Eq. 3.50 can be rewritten as: 
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Eq. 3.1 represents a first order system with output  tCL , and inputs  tC RL ,
)(tRV , and  tCinG . Eq. 3.2 describes a first order system with output  tCG 2,  
and 2 input variables,  tCinG  and  tCL . The two differential equations are 
coupled through the liquid concentration  tCL . In this way, the overall 
dynamics of the gas stripping device are described as a second order system, 
resulting from a series of two first order systems, being the liquid phase of the 
stripping flask and the total gas phase. The time constants are directly obtained 
from Eq. 3.1 and Eq. 3.2. The first time constant is related to the interphase 
transfer:  
L
transfer Da 
 
3
1W  Eq. 3.5 
The second time constant is the retention time in the headspace volume 2,GV :  
G
G
G
headspace Q
V
Da
2,
5
11
   W  Eq. 3.6 
Assuming a constant N2O formation rate, VR , besides constant dilution 
rates LD  and GD , the Laplace transform of the liquid and gas phase mass 
balances (Eq. 3.1 and Eq. 3.2) yields  
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Eq. 3.51 
Eq. 3.52 
 
In case the incoming gas stream concentration  tCinG  is constant, Eq. 3.51 
and Eq. 3.52 are rearranged as: 
71 
Chapter 3 
     
     °
°
¯
°
°
®
­
»
¼
º
«
¬
ª


 
»¼
º
«¬
ª 

 
011
0111
2,
3
5
3
5
5
2,
3
3
GL
G
Lin
G
L
G
L
R
LL
in
GV
L
L
CsC
Q
VaaC
ak
aa
sas
sC
CsCDC
H
a
s
R
sDas
sC Eq. 3.53 
Eq. 3.54 
The (static) gain of the second order system with input  tC RL  and output 
 tCG 2, representing the gas stripping device dynamics and described by Eq.
3.53 and Eq. 3.54, is found as 
G
L
L Q
Q
Da
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
 
3
3
  HQQQHQVak
VQHak
LGLGLL
LLL

 Eq. 3.41 
and the two time constants given by Eq. 3.34 and Eq. 3.36. 
In the following sections, the time domain solution of Eq. 3.53 and Eq. 3.54 
for a given input variable  tC RL  will be derived under batch stripping test 
conditions and under continuous monitoring conditions. 
3.7.1.2 Batch stripping test  
During the batch stripping test, the stripping flask is filled batch-wise (at time 
0) with a liquid sample from the reactor under study, so the dilution rate LD
equals zero. Under these conditions, Eq. 3.53 becomes
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or, after expansion in partial fractions, 
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By substituting Eq. 3.56 in Eq. 3.54, the latter becomes: 
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 Eq. 3.57 
Expanding Eq. 3.57 in partial fractions yields 
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  Eq. 3.58 
The inverse Laplace transform of Eq. 3.58 yields the stripping gas 
concentration profile of the gas stripping device during the batch stripping test: 
     taataaatCG  543212, expexp   Eq. 3.11 
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Recall that: 
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VakHQ
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 3   Eq. 3.3 
G
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5   Eq. 3.4 
The time-domain solution for the liquid concentration profile in the stripping 
flask during the batch stripping test is obtained through the inverse Laplace 
transform of Eq. 3.56, 
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in which  0LC  and VR  can be substituted in terms of the parameters ia : 
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Note that a non-zero concentration of inGC  in the incoming stripping gas is 
reflected in 1a . The parameters 2a  and 4a  are related to the start-up of the 
gas stripping device and do not affect the steady state behaviour. 
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The formation rate VR  is calculated from Eq. 3.64, which is obtained from Eq. 
3.59. 
 
L
Gin
GV V
QCaR  1   Eq. 3.64 
In case the incoming stripping gas does not contain the component to be 
measured, i.e. 0 inGC , Eq. 3.59, Eq. 3.60, Eq. 3.61and Eq. 3.63 are simplified 
to: 
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3.7.1.3 Continuous operation of the gas stripping device 
In the continuous operating mode, a relationship between the monitored gas 
phase concentration  tCG 2,  and the sampled liquid phase concentration 
 tC RL  is sought. It is first assumed that 0 inGC , as is the case when usingN2 
as stripping gas. The calculation for 0zinGC , when using ambient air, is 
subsequently made in section 3.7.1.3.5.  
 
Substitution of Eq. 3.53 in Eq. 3.54 for 0 inGC  yields: 
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  Eq. 3.65 
The relation between the unknown  tC RL  and the monitored  tCG 2,  is 
determined through the inverse Laplace transform of Eq. 3.65. However, for 
this purpose, an assumption needs to be made on the expected shape of the 
sampled liquid phase concentration profile  tC RL . Three possible profiles for 
 tC RL  are considered, being a constant, a linear and an exponential profile. 
74 
Novel method for online monitoring of dissolved N2O concentrations through 
a gas stripping device 
Based on the similarities of the steady-state solutions of Eq. 3.65 for the 
proposed three  tC RL  profiles, a general equation to calculate  tC RL  from the 
measured  tCG 2,  is obtained. 
 
3.7.1.3.1 Profile 1: constant value  
In case the liquid phase concentration profile is constant,  
  1CtC RL    Eq. 3.66 
with corresponding Laplace transform 
 
s
CsC RL 1   Eq. 3.67 
the measured stripping gas concentration profile (solution of Eq. 3.65), after 
expansion in partial fractions, is given by Eq. 3.68: 
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  Eq. 3.68 
The solution Eq. 3.68 consists of a steady-state part and a transient part. The 
transient part of Eq. 3.68 is associated with the terms 
LDas  3
1  and 
5
1
as 
, which give rise to decreasing exponential terms in the time domain. The 
transient part can be discarded after a time t which is sufficiently large to state 
that the gas stripping device has attained steady-state, i.e. under the conditions 
headspacea
t W !!
5
1  Eq. 3.7 
and  
transfer
LDa
t W 

!!
3
1  Eq. 3.8 
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The remaining, steady-state part of Eq. 3.68 corresponds with the first term, 
which yields the following expression in the time domain: 
    > @13
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G 
  Eq. 3.69 
Writing Eq. 3.69 in terms of the profile  tC RL  yields 
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3.7.1.3.2 Profile 2: exponential profile 
In case the liquid phase concentration profile  tC RL  can be described by an 
exponential function 
   tCtC RL  1exp  Eq. 3.71 
with corresponding Laplace transform 
 
1
1
Cs
sC RL 
  Eq. 3.72 
the measured stripping gas concentration profile (solution of Eq. 3.65) after 
expansion in partial fractions is given by Eq. 3.73: 
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  Eq. 3.73 
In the time domain, the first term in Eq. 3.73 corresponds with a constant; the 
second term corresponds with an exponential term of the form  tC  1exp and 
is thus directly proportional to the input  tC RL . The following terms 
correspond with exponentially decreasing profiles in time which can be 
neglected after a time t which is sufficiently large for the gas stripping device 
having attained steady-state, i.e. when Eq. 3.7 and Eq. 3.8are fulfilled such that 
the following time domain steady state solution is obtained: 
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  Eq. 3.74 
Additionally, applying the boundary conditions that the time constant of  tC RL  
must lie in the bandwidth of the gas stripping device, which is equivalent to 
Eq. 3.75 and Eq. 3.76: 
51 aC    Eq. 3.75 
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and 
LDaC  31   Eq. 3.76 
The steady state solution Eq. 3.74 is reduced to: 
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Writing Eq. 3.77 in terms of the profile  tC RL  yields 
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which is the same expression as Eq. 3.70 for a constant liquid phase 
concentration profile (section 3.7.1.3.2).  
3.7.1.3.3 Profile 3: linear profile 
In case the liquid phase concentration profile is linear,  
  tCtC RL  1  Eq. 3.79 
with corresponding Laplace transform 
  21s
CsC RL   Eq. 3.80 
the measured stripping gas concentration profile (solution of Eq. 3.65) profile 
is given by Eq. 3.81: 
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  Eq. 3.81 
The steady-state part of Eq. 3.81 is given by the first four terms. The 
subsequent terms can be neglected after a time t which is sufficiently large such 
that the gas stripping device has attained steady-state, i.e. when Eq. 3.7 and Eq. 
3.8 are fulfilled. The following steady-state time domain solution is obtained: 
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Additionally, the gas stripping device having attained steady-state also 
implies that the terms »
¼
º
«
¬
ª


 1
3
1
5
11 C
Da
C
a L
 have become negligible 
compared to   tCtC RL  1 . 
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The steady-state result for the linear profile of  tC RL  (Eq. 3.82) is thus further 
reduced to 
    > @tCDRQDa
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 1
3
3
2,  Eq. 3.83 
Writing Eq. 3.83 in terms of the profile  tC RL  yields 
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The obtained expression is the same as Eq. 3.70 for a constant liquid phase 
concentration profile (section 3.7.1.3.1) and Eq. 3.78 for an exponential liquid 
phase concentration profile (section 3.7.1.3.2).  
3.7.1.3.4 General steady-state solution 
The three considered liquid phase concentration profiles  tC RL  (constant, 
exponential and linear) in the reactor under study give rise to the same 
expression for the corresponding gas-phase profile, once the gas stripping 
device has reached steady state, i.e. when Eq. 3.7 and Eq. 3.8 are fulfilled:  
     > @tCDRQDa
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2, Eq. 3.70 
The gas-phase profile is determined by the influent liquid phase concentration, 
 tC RL , as well as by the N2O formation rate in the gas stripping device, VR . 
In Eq. 3.70, the formation rate VR  can be substituted in terms of the parameter
1a  (through Eq. 3.10), which was obtained from the batch stripping test: 
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Rearrangement of Eq. 3.85 to express  tC RL  as a function of  tCSSG 2,  yields 
    12,
3
1 a
Q
QtC
a
D
Q
QtC
L
GSS
G
L
L
GR
L ¸¸¹
·
¨¨©
§
 Eq. 3.9 
Eq. 3.9 constitutes the general relationship between the monitored gas 
phase concentration  tC SSG 2, and the sampled liquid concentration  tC RL
under the assumption that the gas stripping device has attained steady state. 
The validity of Eq. 3.9 was proven mathematically for constant, exponential 
and linear liquid phase concentration profiles  tC RL  (in sections 3.7.1.3.1, 
3.7.1.3.2, 3.7.1.3.3, respectively). It is assumed that Eq. 3.9 holds for all liquid 
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phase concentration profiles encountered in reality on the monitored reactor. 
This assumption is definitely fulfilled for linear combinations of constant, 
exponential and linear liquid phase concentration profiles. 
 
3.7.1.3.5 General steady-state solution for constant 0zinGC  
In this section, the adjustments in case the stripping gas contains the 
component to be monitored, e.g. when ambient air is used in the gas stripping 
device, are substantiated. The concentration of this component in the stripping 
gas is assumed constant.  
Substitution of Eq. 3.53 in Eq. 3.54, for a constant 0zinGC  yields 
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For the application of the gas stripping device only the steady state solution of 
Eq. 3.86 is of importance. The steady state solution is given by Eq. 3.87. 
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The term 
H
C
Q
Q inG
G
L   in Eq. 3.87 is the liquid outflow of the component 
transferred from the ambient air to the liquid phase. This amount can be 
disregarded compared to inGC , and introducing Eq. 3.59, Eq. 3.87 yields: 
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Rearrangement of Eq. 3.88 to express  tC RL  as a function of  tC SSG 2,  yields  
    12,
3
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  Eq. 3.9 
thereby showing the validity of Eq. 3.9 even when ambient air is used instead 
of N2 in the gas stripping device. The parameters values 1a  and 3a  are 
obtained from the batch stripping test in the same way as for 0 inGC . 
However, the corresponding physical parameter expressions are now 
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generalized as Eq. 3.59 and Eq. 3.3, respectively. The N2O formation rate in 
the stripping flask VR  is obtained from Eq. 3.64. 
3.7.2 Reactor behaviour – on/off aeration control (SHARON reactor) 
Mass balances are set up over the reactor, from which the measured off-gas 
concentration  tC RG 2, and the dissolved liquid concentration  tC RL  are 
obtained. The similarities between an operating cycle of the reactor and a batch 
stripping test of the gas stripping device are pointed out. 
3.7.2.1 Overall reactor dynamics 
The (SHARON) reactor (Figure 3.1), of which the dissolved N2O 
concentration is monitored, involves the same type of subsystems as the gas 
stripping device. The first subsystem comprises the liquid volume RLV  and gas
bubble volume RGV 1,  of the reactor, the second subsystem is the headspace gas 
volume of the reactor, RGV 2, . Note that the superscript R refers to the reactor. 
Mass balances were set up for the reactor in a completely analogous way as for 
the gas stripping device (see section S.1.1).  
The following assumptions were made: 
x The liquid and gas phase in subsystems 1 and 2 ( RLV , RGV 1, , RGV 2, ) are
perfectly mixed.
x The gas phase in subsystem 1 is in quasi-steady-state,
 
01,1,  

dt
VtdC RG
R
G , considering the short gas residence time relative to
the time constant for interphase mass transfer and biological conversion 
rates.  
x The volumes RLV  and RGV 2,  are constant.
x The aeration gas does not contain N2O,   0,  tC RinG
x The liquid feed does not contain dissolved N2O,   0,  tC RinL . 
As a result, the liquid and gas phase mass balances over the reactor for a 
component are given by Eq. 3.89, Eq. 3.90 and Eq. 3.91. 
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The parameters in Eq. 3.89, Eq. 3.90 and Eq. 3.91 have the same physical 
meaning as in Eq. 3.45, Eq. 3.46 and Eq. 3.47, but are now related to the 
reactor:  tRRV  is the N2O formation rate in the reactor,    R
L
R
LR
L V
tQtD   and 
   R
G
R
GR
G V
tQtD
2,
  are the liquid and gas dilution rates, RLak  is the interphase 
transfer rate, RLV  is the liquid volume of the reactor. From the gas phase mass 
balance Eq. 3.90, an algebraic relationship between the gas phase (bubbles) 
concentration  tC RG 1,  and the liquid phase concentration  tC RL  is obtained: 
       tCVtakHQ
VHtaktC RLR
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 1,   Eq. 3.92 
The gas phase concentration  tC RG 1,  is eliminated from Eq. 3.89 and Eq. 3.91 
through Eq. 3.92:  
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Defining 
         RLRLRG
R
G
R
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VtakHtQ
HtQtakta

 3   Eq. 3.21 
and  
     tD
V
tQta RGR
G
R
GR   
2,
5   Eq. 3.23 
Eq. 3.93 and Eq. 3.94 can be rewritten as: 
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Eq. 3.16 represents a first order system with output  tC RL  and input  tRRV . Eq. 
3.17 describes a first order system with output  tC RG 2,  and input  tC RL . The 
two differential equations are coupled through the liquid concentration  tC RL
. In this way, the overall dynamics of the reactor are described as a second 
order system, resulting from a series of two first order systems, being the liquid 
phase and the total gas phase. The time constants are directly obtained from 
Eq. 3.16 and Eq. 3.17. The first time constant is related to the interphase 
transfer:  
   tDta RLR
R
transfer 
 
3
1W   Eq. 3.95 
The second time constant is related to the headspace volume RGV 2, : 
     tQ
V
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5
11
   W   Eq. 3.96 
The Laplace transformation of the liquid and gas phase mass balances (Eq. 
3.16 and Eq. 3.17) yields: 
            sCsDsasRCsCs RLRLRRVRLRL   30   Eq. 3.97 
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Rearrangement of Eq. 3.97and Eq. 3.98 yields: 
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Eq. 3.99 and Eq. 3.100 are generally valid for the reactor. The inverse Laplace 
transform is calculated in section 3.7.2.2. 
 
3.7.2.2 Continuous operation of the reactor 
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Some additional assumptions are made. The N2O formation rate RVR  is 
assumed constant during the aerated period of each cycle. The gas and liquid 
flow rates RGQ  and 
R
LQ  as well as the interphase transfer rate 
R
Lak  are 
assumed constant, such that Ra3  and 
Ra5  are constant as well. This assumption 
is not limiting, during the period when RGQ  has a large variation, the reactor 
off-gas is dominated by the transient related to the reactor headspace RGV 2, , no 
information about the reactor can be obtained. After the transient, RGQ  does 
not exhibit large variations. Substitution of Eq. 3.99 in Eq. 3.100 then yields: 
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3.101 
Expanding Eq. 3.101 in partial fractions yields: 
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in which  
R
VR
G
R
L
R
L
R
R
R R
Q
V
Da
aa 

 
3
3
1  Eq. 3.19 
The solution of Eq. 3.102 yields the reactor off-gas N2O profile:  
      taatDaaatC RRRLRRRRG  543212, expexp  Eq. 3.18 
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The reactor off-gas profile during an operating cycle (Eq. 3.18) is 
analogous to the gas phase profile of the gas stripping device under batch 
stripping test conditions (Eq. 3.11). However, the exponential term related to 
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the interphase transfer in the former has time constant R
L
R Da 3
1  due to the 
liquid outflow, compared to time constant 
3
1
a
 for the batch stripping test 
profile. The expressions for parameters Ra3  (Eq. 3.21) and 
Ra5  (Eq. 3.23) are 
completely analogous for the reactor as for the batch stripping test of the gas 
stripping device (see Eq. 3.3 and Eq. 3.4). The expressions for the parameters 
Ra1 , 
Ra2  and 
Ra4  differ (Eq. 3.19 vs. Eq. 3.10, Eq. 3.20 vs. Eq. 3.13 and Eq. 
3.22 vs. Eq. 3.14 respectively) because of the non-zero liquid outflow, RLD . In 
case 0 RLD , the expressions for 
Ra1 , 
Ra2  and 
Ra4  become identical for the 
reactor as for the batch stripping test of the gas stripping device.  
The liquid N2O concentration profile during aeration can be calculated from 
the measured reactor off-gas concentration. Inverse Laplace transform of Eq. 
3.99, in which RVR  is substituted through Eq. 3.19, yields the dissolved 
concentration profile during aeration: 
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Eq. 3.103 is the analogue of Eq. 3.62, which holds for the liquid concentration 
profile in the stripping flask during the batch stripping test. The difference 
between the expressions for the operating cycle (Eq. 3.100) and for the gas 
stripping flask is due to the nonzero liquid flow rate RLD  in the reactor. Writing
 0RLC  in terms of parameter Ra2  in Eq. 3.103 yields:
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 3
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3.26 
From Eq. 3.26, the dissolved N2O concentration in the reactor can be 
calculated from the off-gas measurements and is compared with the gas 
stripping device measurements in Figure 3.9. Both profiles show an 
exponential decrease during aeration, the dissolved N2O concentration profile 
calculated from the reactor off-gas (Eq. 3.40) is lower than the N2O 
concentration profile measured with the gas stripping device. The difference 
seems to be in the constant term of Eq. 3.40, which is dependent on the 
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reactor’s aeration flow rate  RGQ , volume  RLV  and interphase transfer rate
 RLak , besides the Henry coefficient  H .  
 
  
Figure 3.9: Dissolved N2O in the reactor during a typical target operating 
cycle. Comparison between calculations based on reactor off-gas 
measurements and on measurements from the gas stripping device. 
 
During the steady-state regime of the reactor - when both   tDa RLR  3exp  
and  taR  5exp  are negligible, or when  taR  5exp  is negligible and 
  1
5
35 | R
R
L
RR
a
Daa
 - the off-gas concentration  tC RG 2,  can be calculated from 
the liquid concentration  tC RL  via Eq. 3.104. 
    R
G
RR
LR
L
R
G Q
aVtCtC 32,
   Eq. 3.104 
The steady-state off-gas emission from the reactor is obtained by multiplying 
Eq. 3.104 with the aeration flow rate RGQ , :  
    RRLRLRGRG aVtCtCQ 32,     Eq. 3.105 
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3.7.3 Reactor behaviour – high-low aeration control (PNA reactor) 
This section contains the theoretical basis for calculating the N2O formation 
rate and dissolved N2O concentration during normal operation. Mass balances 
are set up over the partial nitritation-anammox reactor, describing its dynamics 
in terms of the measured gas concentration  tC R ONG 2,  and the liquid 
concentration  tC R ONL 2, , as in Mampaey et al. (2015) (section 3.7.3.1). These 
mass balances are solved considering a time varying formation rate  tRR ONV 2,
, a novelty of this study. The findings are finally applied to the reactor in this 
study (section 3.7.3.2).  
3.7.3.1 Overall reactor dynamics 
The reactor of which the gas phase N2O concentration is monitored, involves 
two subsystems. The first subsystem comprises the liquid volume RLV  and the 
gas bubble volume RGV 1,  of the reactor. The second subsystem concerns the 
reactor headspace, RGV .  
Under the following assumptions, 
x the liquid and gas phase in subsystems 1 and 2 ( RLV , RGV 1, , 
R
GV ) are 
perfectly mixed.  
x the gas phase (bubbles) in subsystem 1 is in quasi steady-state, 
 
01,1,  

dt
VtdC RG
R
G , considering the short gas residence time relative to 
the time constant for interphase mass transfer and biological conversion 
rates.  
x the volumes RLV  and 
R
GV  are constant.  
x the liquid feed does not contain dissolved N2O,   0,  tC inRL . 
the reactor behaviour is described by Mampaey et al. (2015): 
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   Eq. 3.107 
in which  
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VtakHtQ
HtQtakta
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 3   Eq. 3.108 
and  
     tD
V
tQta RGR
G
R
GR   5    Eq. 3.109 
 
Laplace transformation of the liquid and gas phase mass balances (Eq. 3.106 
and Eq. 3.107) yields, after rearrangement: 
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In what follows, the gas and liquid flow rates RGQ  and 
R
LQ  as well as the 
interphase transfer rate akL  are assumed constant, so 
Ra3  and 
Ra5  (Eq. 3.108 
and Eq. 3.109) are constant as well. This assumption is not limiting, since RGQ  
is constant for each aeration interval as such (high – low aeration intensity). 
Substitution of Eq. 3.110 in Eq. 3.111 then yields: 
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Note that the volumetric N2O formation rate  tRR ONV 2,  is not necessarily 
constant. Two different profiles for  tRR ONV 2,  are considered, being a constant 
and a linear profile.  
3.7.3.1.1 Profile 1: constant N2O formation rate 
The solution of the mass balances Eq. 3.106 and Eq. 3.107 for a constant N2O 
formation rate  tRR ONV 2, results in the following gas phase and liquid phase 
N2O concentration profiles (Mampaey et al. 2015),  
      taatDaaatC RRRLRRRR ONG  54320, expexp2   Eq. 3.113 
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The N2O formation rate is obtained from Eq. 3.115 as 
R
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3
3
1, 2  Eq. 3.118 
3.7.3.1.2 Profile 2: linear profile of N2O formation rate in time 
In case of a linear profile for the N2O formation rate  tRR ONV 2, , 
  tCtRR ONV  1, 2  Eq. 3.119 
with corresponding Laplace transform 
  21, 2 s
CsRR ONV   Eq. 3.120 
the measured gas concentration profile (solution of Eq. 3.112), after expansion 
in partial fractions, is given by Eq. 3.121: 
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  Eq. 3.121 
 
The inverse Laplace transform yields, with substitution of  sR
s
C R
ONV 2,2
1  : 
        taatDaaatatC RRRLRRRRR ONG  543261, expexp2   Eq. 3.122 
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  Eq. 3.125 
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In case the interphase transfer rate (proportionally related to Ra3 ) and the
headspace dilution rate  Ra5  are high, the term Ra6  can be neglected in Eq.
3.122, so the gas phase concentration profile in case of a linearly varying N2O 
formation rate (Eq. 3.119) is described by: 
        taatDaatatC RRRLRRRR ONG  54321, expexp2  Eq. 3.127 
which is the same expression as in case of a constant N2O formation rate (Eq. 
3.113), but now with a time-varying coefficient  taR1 . 
During the transient period, the gas phase N2O concentration profile (Eq. 
3.122 or Eq. 3.18) is dominated by the exponential functions, which are related 
to the initial reactor conditions. The reactor has attained steady state once the 
transients have vanished, which also implies that the term Ra6  has become
negligible compared to the exponential terms. Eq. 3.18 (or Eq. 3.122) is then 
reduced to Eq. 3.128. 
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which demonstrates that the steady state N2O concentration profile is directly 
related to the N2O formation rate  tRR ONV 2, . Rearrangement of Eq. 3.128 
yields Eq. 3.129 (Eq. 3.29), 
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which can be applied to calculate the N2O formation rate  tR HighSSR ONV ,, 2  from the 
measured gas phase N2O concentration profile  tC HighSSR ONG ,, 2 . 
The liquid profile is obtained from inverse Laplace transformation of Eq. 
3.110, after substitution of  tRR ONV 2, , Eq. 3.120, as: 
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When the interphase transfer rate is high ( Ra3  is high), the term 
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can be disregarded, so Eq. 3.130 is simplified to 
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which is the same expression as obtained for a constant N2O formation rate 
(Eq. 3.114). 
Under steady state conditions, Eq. 3.131 is further reduced to  
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3.7.3.2 Application to full-scale data 
The calculation of the volumetric N2O formation rate and the liquid phase N2O 
concentration profile from the gas-phase measurements is illustrated in this 
section considering the data of the first high aeration period. Figure 3.10 
displays these off-gas data expressed in ppm. Upon visual inspection, the data 
are divided into two parts, a transient part consisting of a N2O peak which 
levels off to a constant value (6:50 to 7:11), followed by a steady state part 
characterized by a linear decrease in the gas phase N2O concentration (7:18 to 
8:31).  
Fitting Eq. 3.18, with time t ranging from 0 to 21 minutes, to the transient 
part of the gas measurements in the ‘high aeration’ period yields 
     tttC R ONG  3699.0exp25543217.0exp27863062,   Eq. 3.133 
which directly gives the values of Ria . 
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Figure 3.10: Concentration profile of N2O in the off-gas of the PNA granular 
sludge reactor and data fit of Eq. 3.18 during the transient period 
The N2O formation rate R ONVR 2, during the transient period, which was 
assumed constant, is then directly be calculated from Eq. 3.27 as 
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 Eq. 3.134 
The factors between brackets denote the conversion of ppm to g N.m-3, and of 
min-1 to d-1, respectively. 
The dissolved N2O concentration  tC R ONL 2,  during the transient period 
was calculated from Eq. 3.28 as 
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 Eq. 3.135 
As for the transient period, fitting Eq. 3.18 to the measured gaseous N2O 
profile yield a R2 value of 0.996. 
During the steady state period, the N2O formation rate and the dissolved 
N2O concentration were directly calculated from the measured gas phase 
concentration through Eq. 3.30and Eq. 3.31. The decrease in formation rate 
HighSSR
ONVR
,
2,  caused the decreasing gas and liquid phase concentrations. Fitting
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a linear trendline yields a R2 value of 0.993, also indicating a good fit during 
the steady state conditions. 
The overall results for the N2O formation rate and the dissolved N2O 
concentration are shown in Figure 3.11 and Figure 3.12, respectively. 
Figure 3.11: Volumetric N2O formation rate, calculated from Eq. 3.27 during 
the transient period and from Eq. 3.29 during steady state 
During the transient period, the dissolved N2O concentration  tC R ONL 2,
was calculated from Eq. 3.28 during the transient period and from Eq. 3.30 
during the steady state. The results are shown in Figure 3.12. 
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Figure 3.12: Liquid N2O concentration, calculated from Eq. 3.28 during the 
transient period and from Eq. 3.30 during steady state. 
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This chapter has been accepted and published as Mampaey, K.E., De Kreuk, 
M.K., van Dongen, U.G.J.M., van Loosdrecht, M.C.M. and Volcke, E.I.P.
(2016) Identifying N2O formation and emissions from a full-scale partial
nitritation reactor. Water Research 88, 575-585.
4.1 Abstract 
In this study, N2O formation and emissions from a full-scale partial nitritation 
(SHARON) reactor were identified through a three-weeks monitoring 
campaign during which the off-gas was analysed for N2O, O2, CO2 and NO. 
The overall N2O emission was 3.7% of the incoming ammonium load. By 
fitting the N2O emission to a theoretical gas stripping profile, the N2O 
emissions could be assigned to aerobically formed N2O and N2O formed under 
anoxic conditions. This was further substantiated by liquid N2O 
measurements. Under standard operation, 70% of the N2O emission was 
attributed to anoxic N2O formation. Dedicated experiments revealed that low 
dissolved oxygen concentrations  32.mOg0.1   and longer anoxic periods
resulted in an increased N2O emission. Minimising or avoiding anoxic 
conditions has the highest effect in lowering the N2O emissions. As an 
additional result, the use of the off-gas N2O concentration measurements to 
monitor the gas-liquid mass transfer rate coefficient  akL  during dynamic
reactor operation was demonstrated. 
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4.2 Introduction 
Over the last decades, innovative methods for biological nitrogen removal 
from wastewater have been developed, increasing the sustainability compared 
to conventional processes, especially in terms of energy requirements. One of 
these innovative methods concerns the partial nitritation-anammox pathway, 
in which half of the ammonium is oxidized to nitrite, followed by the 
combination of ammonium and nitrite to form dinitrogen gas. The partial 
nitritation-anammox pathway involves up to 63% savings in aeration energy, 
avoids the need for external carbon source addition and leads to a lower sludge 
production and minimal CO2 emissions compared to nitrification-
denitrification over nitrate (Strous et al. 1997). Among others, this pathway is 
very suitable to remove the ammonium from reject water originating from 
anaerobic digestion. 
Nitrous oxide (N2O) is a potent greenhouse gas of which the effect is 298 
times stronger than CO2 (IPCC 2013). N2O can be formed during biological 
nitrogen removal from wastewater, such as by ammonia oxidising bacteria 
(AOB) responsible for nitrification (Ritchie and Nicholas 1972). Two 
pathways for N2O formation by AOB are distinguished, namely the reduction 
of nitrite to N2O, termed nitrifier denitrification, and the oxidation of NH2OH, 
an intermediate during nitrification (Colliver and Stephenson 2000). Besides, 
N2O is an obligate intermediate of heterotrophic denitrification. (Hiatt and 
Grady 2008) 
N2O emissions show large variations between different wastewater treatment 
plants as well as diurnal and seasonal dynamics. (Ahn et al. 2010b, 
Kampschreur et al. 2009) The comparison between the innovative methods 
and conventional wastewater treatment in terms of N2O emissions is less 
straightforward than the energy savings.  
This contribution assesses the effect of dynamic reactor operation on N2O 
formation and emission from a full-scale partial nitritation SHARON reactor. 
In a SHARON reactor, ammonium is oxidised to nitrite, while further 
oxidation to nitrate is prevented, by keeping the temperature sufficiently high 
(35°C) and the aerobic retention time sufficiently low (Hellinga et al. 1998). 
Identification of the conditions favouring or hindering N2O formation is a 
starting point for mitigation. Three operating modes were distinguished during 
the monitoring campaign. “Standard operation cycles” are considered as 
reference for the N2O emission factor, the assumptions made were validated 
by a prolonged aeration experiment. The second operating mode groups cycles 
with prolonged non-aerated periods due to an influent feed stop. Furthermore, 
99 
Chapter 4 
additional dedicated experiments were performed, namely (i) lowering the DO 
set point, and (ii) halving the total cycle length. Based on the results of these 
dedicated experiments, N2O mitigation options are proposed. As an additional 
result, it was demonstrated possible to monitor the akL  of the reactor from the 
dynamic reactor operation. 
4.3 Materials and methods 
4.3.1 Process layout – SHARON reactor 
A three-weeks monitoring campaign, from 15 June to 6 July 2010, was 
performed on the full-scale SHARON reactor in Rotterdam, the Netherlands. 
This reactor is part of the sludge handling facility and treats the anaerobic 
digestion reject water (Figure 4.1). The effluent from the SHARON reactor 
contains ammonium and nitrite in about equimolar concentrations and is fed to 
an Anammox reactor. More details on the treatment plant are given by 
Kampschreur et al. (2008b), Mulder et al. (2001).  
Figure 4.1: Layout of the Rotterdam sludge handling facility with indication 
of sampling points. QL: liquid flow rate, QG: gas flow rate 
To keep a constant aerobic retention time despite the varying influent flow 
rates, the SHARON reactor (Figure 4.2) was operated in 2-hour cycles, 
consisting of an aerated period (DO setpoint = 2 g O2.m-3) and a non-aerated 
period. The duration of the aerated period was calculated from the liquid inflow 
 RLQ during the preceding cycle and the (constant) reactor volume  RLV such 
that a mean aerobic retention time of 1.35 days is established (van Loosdrecht 
and Salem 2006). The liquid inflow; being the centrifuge outflow, varied 
between 0 (no flow) and 20 to 41 m3.h-1, but is relatively constant during a 
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cycle. The influent total ammonium (TNH) concentration varied between 1050 
and 1500 g N.m-3.  
The SHARON reactor is completely covered and permanently kept in 
underpressure (-200 Pa) to prevent odour emissions. However, due to the 
underpressure, ambient air infiltrates in the SHARON reactor with an 
(unknown) flow rate inf,GQ . This infiltrated air does not only affect the 
outgoing gas flow rate of the SHARON reactor, thus being RGG QQ inf, , but 
also affects the elemental mass balances (in kg) for O, C and N (denoted by 
superscript ‘X’) over the reactor:  
   
      XgapXRaccXreactionXRLRLXRinLRL
X
GG
R
G
X
GG
X
G
R
G
MMMtCtQCtQ
CQQCQCtQ
 '

¦¦
¦¦¦
,,,
,
2,inf,inf,inf,1,
  Eq. 
4.1 
Eq. 4.1 equals the sum of the net gaseous and liquid inflow of an element X 
and its net production during biological reactions XreactionM , reduced with its 
accumulation XRaccM
,' , to a gap XgapM , which is ideally zero. The average 
infiltrated air flow rate  inf,GQ  was calculated by closing the elemental 
oxygen balance, i.e. by fulfilling 02 |OgapM . 
 
Figure 4.2: Schematic representation of the SHARON reactor with indication 
of flow rates and concentration 
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4.3.2 Monitoring campaign 
4.3.2.1 Routine measurements 
The liquid feed flow rate ( RLQ ), gas flow rates ( RGG QQ ,1, ), reactor temperature,
pH and DO were logged every minute by a SCADA system. Liquid grab 
samples of the influent and effluent of the SHARON reactor were taken daily 
and analysed by standard photometric cuvette tests (Hach-Lange). The influent 
was analysed for TNH concentration (single measurement), the effluent was 
analysed for TNH, total nitrite (TNO2, single measurement) and nitrate 
concentrations (single measurement). The influent was assumed to contain a 
constant biodegradable COD value of 100 ± 10 g BOD.m-3 , as confirmed by 
weekly 205BOD  measurements, being 90, 100 and 110 g BOD.m-3. The total 
Kjeldahl nitrogen concentration was not measured but was estimated as 
105.3% of the influent TNH concentration, based on the findings of Hellinga 
et al. (1998). The inorganic carbon concentration was assumed to be present in 
an equimolar ratio to influent total ammonium concentration (TNH), which 
was verified by grab sampling and standard photometric cuvette test. 
4.3.2.2 Dedicated gas phase analyses 
The aeration air from the sludge handling building  XGC 1,  and the SHARON
off-gas  XGC 2,  were analysed on-line for CO2, O2, NO and N2O through an
Emerson MLT4 Rosemount FTIR analyser, preceded by a condenser (4°C). 
The off-gas temperature was verified to be constant, at 30°C, by daily 
measurements. The gas stripping method described by Mampaey et al. (2015) 
was applied during selected periods to monitor the dissolved N2O 
concentration through a gas phase measurement. The three gas streams were 
sampled at a constant flow rate of 1 standard litre per minute (slm). The 
transport delay between the sampling point and gas analyser amounted to 45s 
and was taken into account during data analysis. 
4.3.2.3 N2O emission and formation rate  
The total N2O emission (kg N) was calculated directly from the off-gas 
measurements (Eq. 4.2) as 
    ¦  tCQtQ ONGGRG 22,inf,2 emission ON  Eq. 4.2 
The N2O profile in the off-gas of the SHARON reactor (ppmv) can be 
described by Eq. 4.3 (Mampaey et al. 2015): 
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taatDaaatC RRRLRRRXG  543212, expexp   Eq. 4.3 
This expression is valid during aerated as well as non-aerated periods, 
assuming a constant N2O formation rate RR  (g N.min-1) during each period 
The constant Ra1  is proportional to the N2O formation rate 
RR , the second 
term is related to the interphase transfer, the third term is related to headspace 
dilution (Mampaey et al. 2015). The parameter values Ria  are determined by 
fitting Eq. 4.3 to the measured data by minimising the sum of squared residuals 
  ¸¸¹
·
¨
¨
©
§
¦
i
iyy
2ˆ  with the simplex algorithm (Nelder and Mead 1965). 
The aerobic N2O formation rate RR  (g N.min-1) is calculated from the 
value of Ra1  through Eq. 4.4. The parameter fC represents a conversion factor 
from ppm N2O to g N.m-3 and corrects for the removed water vapour resulting 
from the temperature decrease between the reactor off-gas and the condensor 
aeration gas, which amounts to 1.3%, assuming saturation ( 31046.42  bar at 
30°C and 31013.8  bar at 4°C, (Moran and Shapiro 2002)).  
C
R
G
RR fQaR  1   Eq. 4.4 
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The total aerobic N2O formation is calculated by multiplying the formation 
rate RR  with the duration of the aeration period.  
The value of Ra5  is the reactor headspace dilution rate, i.e.  
 
R
G
G
R
GR
V
QtQ
a inf,5

   Eq. 4.5 
The SHARON operating cycles start with aeration followed by a non-
aerated period. However, the N2O which accumulated during the non-aerated 
period, is stripped in the subsequent aerobic period. Therefore, the cycles 
considered during data analysis start with the non-aerated period (of preceding 
operating cycle) followed by an aeration period. The average N2O formation 
rate of the non-aerated periods, i.e., the average anoxic N2O formation rate, 
was calculated from the difference between total N2O emission (Eq. 4.2) and 
the aerobic N2O formation (Eq. 4.4), assuming that the final liquid phase N2O 
concentrations do not vary between cycles. 
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4.3.3 Estimating the interphase transfer rate in dynamic systems 
Cyclic reactor operation, e.g. characterized by aerated and non-aerated periods, 
results in accumulation and subsequent stripping of gaseous components such 
as N2O. As a result, the concentration dynamics of such gaseous components 
can be described by a double exponential profile (Eq. 4.3). Given that the value 
Ra3  is proportional to the
i
Lak  (Eq. 4.6, Mampaey et al. (2015)), the reactor
volumetric gas-liquid mass transfer rate coefficient of the corresponding 
component, e.g. ONLak 2  (in min-1), can be estimated through Eq. 4.6 
(Mampaey et al. 2015): 
L
RON
G
ON
G
R
ON
L VaHQ
HQaak

 
3
3
2
2
2  Eq. 4.6 
The volumetric gas-liquid mass transfer rate coefficient of another component 
X than the one for which the gaseous profile is measured, can be related to the 
one calculated by Eq. 4.6 through Eq. 4.7, which takes into account the 
diffusion coefficients of both components and is valid for low soluble 
components and a liquid interphase in turbulent motion (De heyder et al. 
1997). 
ON
X
ON
L
X
L D
Dakak
2
2   Eq. 4.7 
4.4 Results 
4.4.1 Elemental mass balances 
A mass balance for oxygen was set up over the entire monitoring campaign 
considering the oxygen concentration in the aeration gas inflow and outflow, 
as well as the oxygen requirement for the biological conversion reactions, the 
accumulation of oxygen in the system and the outflow of dissolved oxygen 
(Section 4.8 - Table 4.3).  
By closing the elemental O2 balance, the (average, assumed constant and 
not measurable) infiltrated airflow rate (QG,inf; Figure 4.1) was calculated as 
QG,inf = 910 m3.h-1, which represents 24% of the off-gas flow rate on average. 
The value QG,inf = 910 m3.h-1 was used in the mass balances for C and N. From 
the oxygen present in the aeration air  21,OGRG CQ  , 14.6% was consumed by 
biological reactions. Given that the oxygen in- and outflow from the liquid 
phase as well as oxygen accumulation were negligible, the oxygen 
consumption equals the oxygen transferred to the liquid phase.In the elemental 
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carbon mass balance (Section 4.8 - Table 4.4), the incoming C-species were 
CO2 in the aeration air, COD and inorganic carbon ( 2CO , 

3HCO , 
2
3CO ) in 
the liquid feed flow. It was reasonably assumed that all inorganic carbon was 
stripped as CO2, therefore, the liquid outflow of inorganic carbon was 
neglected (effluent pH was 6.5-6.7) and so was accumulation of inorganic 
carbon in the reactor. The CO2 uptake by the AOB biomass was calculated 
stoichiometrically from the ammonium conversion (Henze et al. 2000). The 
gap in the C-balance was small (+1.5%).The overall nitrogen mass balance 
(Section 4.8 - Table 4.5) was set up based on the influent total Kjeldahl 
nitrogen concentration. Since the influent originates from an anaerobic digester 
(HRT 40 days) it was assumed that the influent did not contain nitrite or nitrate. 
Heterotrophic denitrification (N2 formation) was neglected. The gap in the N-
balance was small (-2.9%). 
4.4.2 Standard operation cycles 
First, the reactor dynamics and associated N2O formation were assessed during 
standard operation. A standard operation cycle is a cycle for which there is 
continuous liquid feeding during the preceding and current cycle and a DO set 
point of 2.0 g O2.m-3 is maintained during aeration. In total, 114 cycles are 
considered as standard operation, accounting for 228 hours. The measurement 
data of a typical cycle are shown in Figure 4.3.  
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Figure 4.3: Measurement results from a typical cycle under standard 
operation conditions. A. Off-gas N2O profile, data fit (Eq. 4.3) during aeration 
is shown by solid red line, data fit during non aeration is shown by cyan dash-
dotted line. Estimated aerobic N2O formation shown by green dotted line. B. 
Off-gas CO2 profile, data fit during aeration is shown by solid red line, data 
fit during non aeration is shown by cyan dash-dotted line. C. Off-gas NO 
profile. D. Off-gas O2 profile. E. SHARON reactor DO and pH. F. SHARON 
reactor aeration flow rate and liquid feeding rate. The aeration on and off 
switch are taken up by a dashed magenta and solid black line respectively. 
On average, 52 (± 7)% of the incoming TNH load was converted to nitrite, 
while the nitrate concentration remained below 10 g N.m-3 (data not shown), 
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underlining the stable partial nitritation process in the reactor. The aeration 
flow rate of the SHARON reactor is controlled at a DO set point of 2.0 g O2.m-
3, which was obtained 20 minutes after the aeration was turned on, with an 
overshoot up to 3.0 g O2.m-3 (Figure 4.3E). During non-aeration, it took 6 
minutes to utilise the residual DO. The pH (Figure 4.3E) exhibited a cyclic 
profile, decreasing from 6.73 to 6.56 during aeration because of ammonium 
oxidation and increasing by the same amount during the non-aerated period 
through influent addition without ammonium conversion. Given that virtually 
all buffer (inorganic carbon) is stripped, small variations in ammonia 
conversion indeed provoke a measurable pH variation. 
At the start of aeration, the measured N2O off-gas concentration increased, 
reaching a peak value after 8 minutes, after which the off-gas concentration 
decreased exponentially and levelled off to a constant value. The small (hardly 
noticeable) dip in the off-gas N2O profile at time 51 minutes was caused by 
opening one of the reactor lids for taking a liquid sample. Note that similar 
(more pronounced) effects were observed in the other gas phase profiles (NO, 
CO2 and O2).  
The double exponential profile of Eq. 4.3 was fitted to the measured N2O off-
gas profile during aeration, yielding Eq. 4.8 (in ppmv). 
   tttCG  3203.0exp1096)0415.0exp(7.10988.632,    Eq. 4.8 
During the non-aerated period, the SHARON off-gas N2O concentration 
decreased further due to dilution of the SHARON reactor headspace by 
infiltrated air. 
The infiltrated air flow rate (QG,inf ) was estimated from the value of 
1
5 min3203.0
 Ra  and Eq. 4.5 as 970 r 115 m3.h-1, which is close to the value 
QG,inf = 910 m3.h-1 calculated from the oxygen mass balance.  
The total gaseous N2O emission of the typical cycle (anoxic period and 
subsequent aeration) displayed in Figure 4.3 amounted to 2201 g N, of which 
2142 g N was emitted during aeration. The N2O emission during aeration 
resulted from two contributions. The first part concerns stripping of aerobically 
formed N2O, the second part concerns stripping of N2O which had 
accumulated during the anoxic period, as depicted in Figure 4.3A. The aerobic 
N2O formation rate was calculated through Eq. 4.4 and amounted to 4.89 g 
N.min-1 (Eq. 4.9): 
113
1 N.ming89.4N.ming10112.103.698.63
    C
R
G
RR fQaR
  Eq. 4.9 
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The total aerobic N2O formation over this cycle accounts for 376 g N of the 
emission. The difference, 2201-376 = 1825 g N, is attributed to anoxic N2O 
formation, stripped in the aerated phase, which yields an average anoxic N2O 
formation rate of 41.49 g N.min-1. 
The same procedure was performed on all standard operation cycles to 
calculate the average aerobic and anoxic N2O formation (Table 4.1); 3.8% of 
the TNH load is emitted as N2O (Table 4.2). 
Table 4.1: N2O emissions and formation rates during standard operation 
conditions – average over all (114) standard operation cycles with standard 
deviation 
Emission Total formation Formation rate 
Aerobic conditions 
(78±11 min; 
64±9%) 
2698 r 1051 g N  
(97.1±0.5%) 
865 r 287 g N  
(34±15%) 
11.1 r 3.8 g N.min-1 
Anoxic conditions 
(42±11 min; 
36±9%) 
82 r 39 g N 
(2.9±0.5%) 
1915 r 1009 g N  
(66±15%) 
44.1 r 17.3 g N.min-1 
The interphase transfer rate was estimated from the N2O profiles of the 
individual standard operation cycle through Eq. 4.6. An average ONLak 2  value 
of 108 d-1 for N2O was obtained, yielding a value of 127 d-1 for O2 through Eq. 
4.7, given 2OD = 2.5 . 10-9 m2.s-1 and OND 2 = 1.8 . 10-9 m2.s-1 (Perry and Green 
1984)  
The CO2 profile in the SHARON off-gas (Figure 4.3B) increased when 
aeration was turned on and levelled off at a constant value. When aeration was 
turned off, the CO2 concentration decreased due to introduction of ambient air 
in the headspace.  
The NO profile (Figure 4.3C) showed a similar profile as the off-gas CO2 
profile, the NO increased to a constant value of 40 ppm during aeration and 
decreased during non-aerated periods. The off-gas O2 profile (Figure 4.3D) 
showed an inverse trend compared to the CO2 and NO profile since it was 
transferred from the gas phase to the liquid phase; the off-gas concentration 
decreased during aeration and increased during non-aerated periods. 
4.4.3 Experiments 
4.4.3.1 Prolonged aeration experiment 
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The results of the prolonged aeration experiment are shown in Figure 4.4. The 
experiment comprised 22.8 hours of continuous aerobic conditions (DO set 
point = 2.0 g O2.m-3), which is equivalent with the duration of 11 cycles. Prior 
to the experiment, there was an anoxic period of 129 minutes due to a lack of 
influent flow. During this non-aerated period, one of the DO probes was 
cleaned and recalibrated, which is reflected in the DO profile prior to the 
experiment (Figure 4.4). Over the experiment, the effluent nitrate 
concentration increased from 8 to 21 g N.m-3 (data not shown). 
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Figure 4.4: Measurement results from a prolonged aeration experiment. A. 
Off-gas N2O profile, data fit during aeration is shown by solid red line, data 
fit during non aeration is shown by cyan dash-dotted line. Estimated aerobic 
N2O formation shown by green dotted line. B. Off-gas CO2 , NO and O2 
profile. C. SHARON reactor DO and pH. D. SHARON reactor aeration flow 
rate and liquid feeding rate. The aeration on and off switch are taken up by a 
dashed magenta and solid black line respectively. 
During aeration, the off-gas N2O concentration followed the double 
exponential profile of Eq. 4.3, which was fitted as Eq. 4.10. A constant value 
was attained after 120 minutes. The aerobic N2O formation rate was calculated 
as 6.2 g N.min-1, (Eq. 4.4), from the constant term in Eq. 4.10.  
   tttCG  3868.0exp2472)0254.0exp(23654.1072,   Eq. 4.10 
The N2O emission over the experiment amounted up to 13825 g N (1.5% of 
the TNH load, Table 4.2), the part of the emission caused by aerobic N2O 
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formation was 8514 g N. From the difference, the average anoxic N2O 
formation rate was calculated as 41.22 g N.min-1.  
Off-gas O2, CO2 and NO profiles follow similar trends as during the 
standard operation cycles. Note that the pre-programmed control algorithms 
caused a peak in the airflow every 2 hours, which also caused noticeable peaks 
in the DO and in the gas phase NO concentration. Overall, the NO increased 
over the prolonged aeration period to a concentration of 52 ppm at the end of 
the experiment. The off-gas CO2 profile increased at the start of aeration and 
levelled off at a constant value of 2.9 . 104 ppm 29 minutes after aeration was 
started. The O2 concentration decreased at the start of aeration and levelled off 
at a constant value of 19 . 104 ppm after 9 minutes of aeration. 
4.4.3.2 Prolonged anoxic conditions experiment 
The dissolved N2O profile during prolonged non-aerated conditions was 
investigated based on the reactor off-gas measurements, combined with 
dissolved N2O concentration measurements obtained from a gas stripping 
device (Mampaey et al. 2015). The measured data are given in Figure 4.5.  
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Figure 4.5: Measurement results from a prolonged non-aerated period. A. Off-
gas N2O profile, data fit during aeration is shown by solid red line, data fit 
during non aeration is shown by cyan dash-dotted line. Estimated aerobic N2O 
formation shown by green dotted line. B. Off-gas CO2 , NO and O2 profile. C. 
Gas stripping device gas phase N2O concentration and corresponding liquid 
phase N2O concentration. D. SHARON reactor DO and pH. E. SHARON 
reactor aeration flow rate and liquid feeding rate. The aeration on and off 
switch are taken up by a dashed magenta and solid black line respectively. 
The prolonged anoxic conditions lasted 180 minutes, which is about 6 times 
longer than the standard operation cycles. The measurements with gas 
stripping device were started after 50 minutes and showed that the dissolved 
N2O increased from 1.9 g N.m-3 to 6.5 g N.m-3 (Figure 4.5C). 
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The off-gas N2O profile of the two aeration cycles following the prolonged 
anoxic period are given by Eq. 4.11 and Eq. 4.12. 
     tttCG  3374.0exp7590343.0exp24753582,   Eq. 4.11 
     tttCG  5651.0exp1150540.0exp6502832,   Eq. 4.12 
During the first cycle, a total N2O emission of 5810 g N was measured. 1203 
g N was attributed to the aerobic formation (Eq. 4.11); 4607 g N was due to 
stripping of dissolved N2O, of which the concentration decreased by 3.7 g N.m-
3. During the second (subsequent) cycle, 1936 g N was emitted, from which 
949 g N is attributed to aerobic N2O formation, based on Eq. 4.12. The 
dissolved N2O concentration decreased by 1.4 g N.m-3. 
 
4.4.3.3 Lowered DO experiments 
The same minimal aeration flow rate applied during two cycles resulted in a 
DO concentration of 0.6 and 1 g O2.m-3; the results are shown in Figure 4.7 
and Figure 4.8, respectively. 
The total N2O emission of the cycle with a DO of 0.6 g O2.m-3 amounted 
to 4971 g N, of which 2441 g N was attributed to aerobic formation, based on 
the off-gas N2O profile and data fit (Eq. 4.3). The aerobic formation rate was 
calculated as 27.4 g N.min-1. The dissolved N2O measurement had to be 
stopped at the middle of the experiment due to pressure build-up in the gas 
stripping device. 
The total emission of the cycle with a DO of 1 g O2.m-3, was 2492 g N, 
from which 1363 g N was attributed to aerobic formation. The aerobic 
formation rate was calculated as 14.7 g N.min-1. During aeration, the dissolved 
N2O concentration decreased from 2.85 to 1.98 g N.m-3, equivalent to an 
emission of 1305 g N due to stripping of dissolved N2O. 
 
4.4.3.4 Shortened cycles experiment 
The total cycle duration was halved to 1 h cycles to investigate effect of 
transitions on N2O formation rates and emissions. In total, 21 short cycles were 
monitored (Figure 4.9). The first two cycles are not considered in the analysis 
as they were affected by a prolonged anoxic period just before the experiment.  
The average N2O emission was 938 r 52 g N per short cycle (1.8% of TNH 
load, Table 4.2) or 1876 g N per 2 hours, being the standard operation cycle 
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duration. From the data fit, an aerobic N2O formation rate of 13.9±0.8 g N.min-
1 was calculated, the anoxic N2O formation rate was 23.6±4.6 g N.min-1. 
Over the short cycles experiment, the pH decreased from 6.7 to 6.5 while 
the nitrate concentration increased from 8 g N.m-3 to 15 g N.m-3. During the 
short cycles experiment, the NO off-gas concentration during the aerobic 
phases gradually increased over the experiment, similar as during the 
prolonged aeration experiment (Figure 4.5). The DO set point was reached 17 
minutes after start of aeration, after an initial overshoot up to 3 g O2.m-3, which 
is similar as under standard operation conditions. 
 
4.5 Discussion 
4.5.1 Estimating kLa in dynamic systems 
Aeration energy makes up a large fraction of the energy consumption of 
wastewater treatment plants. Significant energy savings can be obtained when 
the interphase transfer efficiency, akL , is monitored (Leu et al. 2009), by 
adequately timed cleaning of the aerators. In this contribution, it will be 
demonstrated how the measured off-gas profile of a component, in this case 
N2O, from a dynamically aerated reactor can be used to estimate its volumetric 
gas-liquid mass transfer coefficient ( ONLak 2 ). The akL  for other gases can be 
related to the one for the measured gas phase component through their 
diffusion coefficients (Eq. 4.7).  
The cyclic operation of the SHARON reactor in this study results in 
accumulation of N2O during anoxic periods and stripping of N2O during 
aeration. During aeration, the dynamic off-gas N2O concentration profile can 
be described by a double exponential profile (Eq. 4.3). The ONLak 2  is 
calculated from the estimated value of Ra3  via Eq. 4.6 (Mampaey et al. 2015), 
which can then be related to the oxygen transfer rate 2OLak . In case the akL  
value is not required as such but the profile in time is, e.g. to detect fouling, 
the profile of Ra3  can be monitored instead. The accuracy of the akL  
estimation increases with increasing aeration duration as more data are 
available to fit Eq. 4.3. 
The most commonly applied method for oxygen transfer testing is the off-
gas method (ASCE 1997, Redmon et al. 1983). In case the dissolved oxygen 
profile is measured as well, the oxygen transfer rate 2OLak  can be estimated 
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from a data fit to the DO profile, while the oxygen saturation concentration 
*
LC is either taken from literature or estimated simultaneously. Both parameters 
*
LC  and akL  are correlated (Boyle et al. 1974), so the value of *LC influences 
the akL  estimation. As for the required measurement duration for the off-gas 
method, Boyle et al. (1974) applied durations until the DO reached a value of 
70 or 90% of *LC  to adequately capture the DO profile, which is 1 or 2 times 
the time constant  W  related to the interphase transfer. They also assessed the 
impact of the uncertainty in estimating *LC  on the akL  estimation and 
concluded that tests longer than twice W  do not improve the precision of the 
akL  estimation. Stenstrom et al. (2006) advocated for durations up to 6 times 
the time constant to yield an accurate estimation of the DO saturation 
concentration  *LC .  
In the dynamic reactor akL  estimation method presented in this study, the 
akL  (for N2O) is measured online, during standard dynamic operation. The 
requirement of a sufficient aeration period, be it 2 or 6 times the time constant, 
does not constitute a disadvantage since it is part of normal reactor operation. 
The time constant of the SHARON reactor amounts to min231
3
 

 R
L
R Da
W
, (Mampaey et al. 2015). During standard operation, the aeration length was 
about 4 times the time constant; under the shortened cycles experiments it was 
still twice as long.  
Another advantage of the dynamic reactor akL  estimation method, is that it 
does not require any dissolved concentration profile. This feature is 
particularly useful for the akL  measurement of gases for which no dissolved 
probe is available, e.g. methane. For instance, the CH4 measurement data 
presented by Pijuan et al. (2014) adequately capture the double exponential 
profile expressing accumulation and stripping associated with periodic 
aeration and would be suitable for estimating the 4CHLak .  
 
4.5.2 N2O emission from a full-scale partial nitritation reactor 
The N2O emission factors (EF) over the entire measurement campaign and for 
the different experiments are summarized in Table 4.2. The validity of the data 
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measured in this study is supported by the closed (<5% ) elemental balances 
of O, as well as C and N, which are interconnected.  
The average EF was 3.7% of the TNH-load, of which 34% is attributed to 
aerobic N2O formation while 66% is attributed to anoxic N2O formation 
(Table 4.1), even though the anoxic period makes up a smaller fraction of the 
time (64% versus 36%, respectively). This corresponds to an aerobic and 
anoxic N2O formation of 1.2% and 2.5%, respectively, expressed in g N2O-N 
formed per g TNH-N influent load. The EF of 3.7% measured in this study is 
higher than the 1.7% measured by Kampschreur et al. (2008b) on the same 
reactor. We analysed the data of Kampschreur et al. (2008b) for the 
contribution of aerobic and anoxic N2O formation according to the method 
applied in this study (Appendix – Figure 4.10). Of the total N2O emission 
reported by Kampschreur et al. (2008b), 41% was attributed to aerobic N2O 
formation while 59% was attributed to anoxic N2O formation, the aerobic 
period making up 71% of the cycle duration while this was 64% in this study. 
The resulting aerobic and anoxic N2O formation were quantified as 0.7% and 
1%, expressed in g N2O-N formed per g TNH-N influent load, respectively. It 
is clear that the aerobic formation expressed per influent load is almost the 
same for both studies on the same reactor, while the anoxic formation differs.  
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Table 4.2: N2O emission factor, aerobic and anoxic formation rate. EF = 
emission factor, TKN = total Kjeldahl nitrogen, TNH = total ammonium 
nitrogen. 
Reference N-load 
[kg N.d-1] 
N2O EF 
[-] 
Aerobic N2O 
formation rate  
[g N.min-1] 
Anoxic N2O 
formation rate  
[g N.min-1] 
This study  
PN reactor 
    
Average over monitoring 
campaign 
755 kg TNH.d-1 3.7% N.A. N.A. 
Standard operation cycles  
(DO = 2 g O2.m-3) 
894 kg TNH.d-1 3.8% 11.1 r 3.8 44.1 r 17.3 
Short cycles 1193 kg TNH.d-1 1.8% 14.0 r 0.8 22.1 r 4.7 
Prolonged aeration 965 kg TNH.d-1 1.5% 6.2  41.2  
Lowered DO set point 
DO = 1 g O2.m-3 
 
914 kg TNH.d-1 
 
3.9% 
 
14.7  
 
31.5  
DO = 0.6 g O2.m-3 323 kg TNH.d-1 18.5% 27.4  84.0  
Stand-alone  
(Partial) Nitritation 
reactor 
    
Kampschreur et al. 
(2008b) 
DO = 2.5 g O2.m-3 
980 kg TNH.d-1 1.7% 6.4  27.9  
Desloover et al. (2011) 
DO = 1 g O2.m-3 
427 – 521 kg TKN.d-1 5.1 - 6.6% N.A. N.A. 
Gustavsson and Jansen 
(2011) 
 3.8% N.A. N.A. 
Pijuan et al. (2014) 
(pilot nitritation reactor) 
128 g TNH.d-1 2.2 – 19.3% N.A. N.A. 
Gabarró et al. (2014) 
(pilot-scale partial 
nitritation sequencing 
batch reactor) 
218 g TNH.d-1 3.6% 4a 15a 
1 stage Partial 
Nitritation –anammox 
reactor 
    
Joss et al. (2009) 625 kg TNH.d-1 0.4 - 0.6% N.A. N.A. 
Weissenbacher et al. 
(2010) 
DO = 0.3 g O2.m-3 
290 kg TKN.d-1  1.3% N.A. N.A. 
Castro-Barros et al. 
(2015) 
1053 kg TNH.d-1 2% 11.7 – 21.7 
g N.min-1 
N.A. 
a: Calculated value 
 
The overall EF of 3.7% measured in this study lies in the range of reported 
values of other full-scale partial-nitritation reactors. The EF of systems for 
which the partial nitritation and anammox reactions take place in two separate 
reactors (two-stage partial nitritation - anammox systems) is typically higher 
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than their one-stage alternatives (Table 4.2), even though more long-term 
measurement data are required to fully validate this. The higher N2O EF for 
stand-alone partial nitritation reactors (in two-stage systems) compared to 
single-stage partial nitritation-anammox systems is related to the prevailing 
concentrations of ammonia and nitrite, being higher than in single-stage partial 
nitritation-anammox reactors. The anammox bacteria as such does not produce 
N2O (Kartal et al. 2011). But independent of the configuration, be it one-stage 
or two-stage, it is clear that the operation mode accounts for variations in the 
EF. 
Concerning stand-alone partial nitritation reactors, Desloover et al. (2011) 
reported an N2O EF of 5.1 – 6.6% under standard operation of a partial 
nitritation sequencing batch reactor (SBR), operated at a low DO setpoint (0.75 
g O2.m-3) and a short SRT of 1.7 days. The EF increased to up to 9% after a 
period of non-feeding, combined with non-aeration, indicating an increased 
N2O formation under anoxic conditions, similar to our observations. Note that 
the nitrite concentration in both systems was relatively high: about 115±25 
g N.m-3 (Desloover et al. 2011) and 664±98 g N.m-3 (this study). Pijuan et al. 
(2014) monitored a pilot-scale airlift nitritation reactor with pH control (at 7.5 
± 0.2), enabling 92% ammonium conversion to nitrite (reactor nitrite 
concentration: 580 g N.m-3); they observed an increased N2O EF at decreasing 
DO concentrations: from an EF of 2.2% at high DO concentrations (4.5 – 7.5 
g O2.m-3) to 6.1% at a DO of 1.1 g O2.m-3. Changing to SBR operation, a peak 
in off-gas N2O concentration was observed after the settling period resulting 
in a high EF of 19.3%. Gabarró et al. (2014) reported an EF of 3.6% for a pilot-
scale (250L) partial nitritation SBR treating landfill leachate, off which 60% 
was formed under anoxic conditions, a similar distribution as this study, 
despite a different influent compositions and reactor type. It is clear that in 
these stand-alone (partial) nitritation reactors, in which high nitrite 
concentrations prevail, anoxic periods or a low DO promote N2O formation, 
contributing to the high EF. 
As for single-stage partial nitritation-anammox systems, Joss et al. (2009) 
measured an EF of 0.4 and 0.6% in a suspended growth SBR, for a continuous 
and intermittent aeration period, respectively. Weissenbacher et al. (2010) 
measured a relative low EF of 1.3%, considering the low DO concentration of 
0.3 g O2.m-3. Castro-Barros et al. (2015) found a higher N2O emission and 
formation for a single stage partial nitritation-anammox reactor when 
increasing the aeration intensity (mean N2O EF = 2%, ; EF during high 
aeration intensity = 2.5%; EF during low aeration intensity = 1%). This 
observation contrasts with the higher N2O emission for lower DO 
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concentration reported on a single-stage nitritation reactor by Pijuan et al. 
(2014).  
 
4.5.3 N2O formation mechanisms  
The cyclic aerobic-anoxic reactor operation resulted in a typical off-gas N2O 
profile observed during aerated periods, consisting of a peak emission at the 
start of aeration and a subsequent decrease, related to dissolved N2O 
accumulation and stripping (Figure 4.3). By fitting a dynamic double 
exponential profile (Eq. 4.3, Mampaey et al. (2015)) to the experimental data, 
a distinction could be made between aerobically and anoxically formed N2O. 
In this analysis, the aerobic N2O formation rate was assumed constant a priori, 
as calculated by Eq. 4.4. This assumption was validated by the prolonged 
aeration experiment, during which the N2O off-gas concentration, clearly 
reached the constant value Ra1  (Figure 4.4; Eq. 4.10, Ra1 =107.4 ppm) - the 
length of the aeration period during standard operation cycles being 
insufficient for this purpose. Dissolved N2O measurements with a gas stripping 
device (Mampaey et al. 2015) confirmed the N2O formation under anoxic 
conditions.  
The peak in N2O formation upon turning on aeration being due to anoxic 
N2O formation contrasts with the attribution of increased N2O emissions upon 
transition from anoxic to aerobic conditions to an instantaneous increase in the 
N2O formation rate by a pure culture AOB in a lab-scale setup (Yu et al. 2010).  
Anoxic conditions increasing the N2O EF was also observed by Desloover et 
al. (2011), Gabarró et al. (2014), Gustavsson and Jansen (2011), Joss et al. 
(2009), Kampschreur et al. (2008b), Weissenbacher et al. (2010). The most 
striking measurement was an increase in EF of Pijuan et al. (2014) from 2.2% 
to 19.3% by switching from continuous to SBR operation. The off-gas profile 
in the latter study suggests stripping of accumulated N2O after the settling 
period, which seems to imply that the increased N2O emission can be traced 
back to the settling period. Even though the bulk DO concentration was still 
higher than 2 g O2.m-3 during the settling period, anoxic conditions are 
expected to occur inside the granule. Gustavsson and Jansen (2011) measured 
an EF of 3.8% from a partial nitritation SBR; the N2O emission was positively 
correlated to anoxic period, indicating an increased N2O formation rate under 
anoxic conditions compared to aerobic conditions. Gabarró et al. (2014) 
attributed the anoxic N2O formation entirely to incomplete heterotrophic 
denitrification, which was reasonable given that their SBR was fed under 
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anoxic conditions and the available BOD was more than sufficient even for 
complete denitrification of the available nitrite.  
The N2O formation during the non-aerated periods observed in this study 
could be explained by several mechanisms. Heterotrophic denitrification on 
the (small amount of) organic carbon present in the influent and resulting from 
biomass decay constitutes a first possibility, given that the reactor is 
characterized by high nitrite concentrations (about 661 g N.m-3). The presence 
of nitrite indeed promotes N2O emission for heterotrophic denitrification (von 
Schulthess et al. 1994). During the non-aerated period, both the pH and the 
dissolved N2O concentration increased. The pH increase can be attributed to 
the alkalinity present in the influent and to (biological) reactions, as a pH 
increase was measured during a non-aerated period without influent feeding 
(Figure 4.5D). Complete utilization of the influent BOD concentration (100 ± 
10 g COD.m-3) for heterotrophic denitrification of nitrite to N2O would lead to 
an EF of 3.1% at most, given that 2.28 g COD is required per g N (Hiatt and 
Grady 2008). However, reasonably assuming that 36% of the BOD is used for 
denitrification, since the anoxic conditions only account for 36% of the time, 
yields an upper limit on the EF of 1.1%. To obtain the measured EF of 2.6% 
would require an additional amount of 50 g COD.m-3 available for 
denitrification, which is highly unlikely to originate from decay during anoxic 
conditions only. Furthermore, the possible amount of N2 formation is small, 
since the N mass balance is closed. As a result heterotrophic denitrification is 
most likely not the only contributor to the anoxic N2O formation. One could 
think of accumulated NH2OH remaining in the anoxic phase as a trigger for 
subsequent N2O formation by nitrifier denitrification (Goreau et al. 1980, 
Kampschreur et al. 2008a, Zheng et al. 1994) or oxidation of NH2OH with 
nitrite (Law et al. 2013).  
The short cycles had a lower overall N2O EF than the standard operation 
cycles. This corresponds with the observation that N2O is mainly formed 
during anoxic periods, given that the overall anoxic period is slightly shorter 
due to DO presence after the aeration is turned off. The aerobic formation rate 
was higher for the short cycle operation than for standard cycles (14.0 vs. 11.1 
g N.min-1, respectively, see Table 4.2). This is attributed to more frequent 
changes from anoxic to aerobic conditions, stimulating N2O formation (Yu et 
al. 2010). The extent of this effect is however masked in the observations by 
the high contribution of stripping of N2O which has accumulated under anoxic 
conditions. Note also that care should be taken in the interpretation of the 
aerobic formation rate, as the aerobic N2O formation rate could be 
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overestimated due to truncated data (Boyle et al. 1974). However, an accurate 
estimation of the aerobic N2O formation rate through Eq. 4.3 is assumed. A 
disadvantage of the increased aerobic period is the formation of nitrate, of 
which the concentration had increased to 15 g N.m-3. The pH during the short 
cycle operation was indeed observed lower than during standard operation, 
which could be the result of a slightly increased ammonium conversion 
combined with a lower N2O EF, given that the buffer capacity of the system 
was depleted. During anoxic conditions, the liquid N2O concentration 
increases in a more than linear way (Figure 4.5C), indicating an increased 
anoxic N2O formation rate with increasing length of the anoxic period. Pijuan 
et al. (2014) also reported an increased N2O emission after the settling (anoxic) 
period.  
The lowered DO experiments resulted in an increased aerobic N2O 
formation rate and EF due to the nitrifier denitrification pathway, which is in 
accordance with literature, reported for both partial nitritation and partial 
nitritation-anammox systems (Kampschreur et al. 2009, Law et al. 2013). For 
the reactor under study, stable partial nitritation is obtained by utilizing a short 
SRT (van Dongen et al. 2001), there is no incentive to use a low DO set point. 
 
4.5.4 Mitigation measures 
Compared to the standard operation, applying short cycles resulted in a 53% 
reduction in EF, be it at the expense of a somewhat higher nitrate 
concentration, but still suitable for the subsequent anammox reactor. By 
splitting the anoxic period, the average anoxic N2O formation rate was 
decreased. Recently, utilizing shorter aerobic/anoxic cycles and maintaining 
the same aerobic SRT has proven to be beneficial in lowering the N2O EF from 
a full-scale municipal wastewater treatment plant (Rodriguez-Caballero et al. 
2015). In their study, an opposite trend was observed, aerobic N2O formation 
was the main contributor to the EF. By utilizing more and shorter 
aerobic/anoxic cycles, the EF was reduced by 88%. The formed N2O is 
converted to N2 during the anoxic periods by heterotrophic denitrification. 
In this study, anoxic N2O formation accounted on average for 70% of the 
N2O emissions. A reduction of anoxic conditions would lead to reduction of 
N2O emission. In case anoxic conditions could be completely avoided, 
significant reductions in N2O emissions will be obtained. The lowest N2O 
formation rate and EF was obtained via continuous aeration. However, in this 
specific reactor that is designed too large, the aerobic sludge retention time 
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would become too high to sustain partial nitritation (Hellinga et al. 1998), 
which was also reflected in the increased nitrate concentration at the end of the 
prolonged aeration experiment. The best mitigation strategy would be to 
completely eliminate the anoxic conditions in the reactor, by using a smaller 
reactor volume or a variable volume reactor.  
If there is no possibility of decreasing the reactor volume applying 
continuous aeration with a low DO set point could be an alternative to lower 
the total EF, given that aerobic N2O formation rate under low DO conditions 
is higher than for the standard operation cycles, but lower than the anoxic 
formation rate. However, this option is clearly suboptimal.  
4.6 Conclusions 
x The N2O off-gas profile of an intermittently aerated reactor could be
used to monitor its interphase transfer dynamics and to estimate the
corresponding rate ONLak 2 .
x The N2O emissions during cyclic reactor operation can be traced back
to aerobic and anoxic formation when fitted to a dynamic profile relying 
on a mass balance approach; online off-gas monitoring was applied to
measure the dissolved N2O reactor concentration.
x N2O emissions from a full-scale suspended sludge partial nitritation
reactor amount to 3.7% of the N-load. The anoxic N2O formation was
responsible for 66% of the N2O emission, even though the anoxic
period only accounts for 36% of the time.
x The N2O formation rate was constant during aerobic periods and
increased during anoxic periods, resulting in a higher mean anoxic N2O
formation rate for longer anoxic periods.
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4.8 Appendix to Identifying N2O formation and emissions from a full-
scale partial nitritation reactor 
4.8.1 Elemental mass balances  
A mass balance for oxygen was set up over the entire monitoring campaign 
considering the oxygen concentration in the aeration gas inflow and outflow 
as well as the oxygen requirement for the biological conversion reactions, the 
accumulation of oxygen in the system and the outflow of dissolved oxygen 
(Table 4.3). 
The oxygen requirement for biological conversion reactions was calculated 
based on the amount of 3NO , 

2NO , NO , ON2  formed and the amount of 
COD converted, taking into account the COD content of each component. 
The average infiltrated air flow rate, inf,GQ , was calculated by closing the 
elemental oxygen balance (Eq. 4.13), i.e by determining inf,GQ  for which the 
oxygen gap became negligibly small. The value of the infiltrated airflow rate 
was calculated as 910 m3.h-1, corresponding with 2OgapM' = 321 kg O2, or less 
than 0.3% of the oxygen load originating from the aeration gas.  
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The infiltrated air is does not to take place in interphase transfer and is therefore 
not taken up in Table 4.3, Table 4.4 and Table 4.5. It was reasonably assumed 
that all inorganic carbon was stripped as CO2, therefore, the liquid outflow of 
inorganic carbon was neglected and so was accumulation of inorganic carbon 
in the reactor. The CO2 uptake by the AOB biomass was calculated 
stoichiometrically from the ammonium conversion (Henze et al. 2000). 
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Table 4.3: Overall oxygen mass balance over the measuring campaign 
Variable Total amount 
[kg O2] 
Relative 
amount 
[%] 
O2 aeration gas 
inflow  ¦  21,OGRG CtQ 2.28 10
5 100 
O2 aeration gas 
outflow -     tCQtQ OGGRG¦  22,inf, - 1.95 10
5 - 85.6 
O2 required for 
biological 
conversion 
2O
reactionM
- 0.318 105 - 14.6 
nitrite     43.32, ¦ tCtQ TNOoutLRL - 29.9 103
-13.1
(90.1% of 
reaction
OM 2 ) 
nitrate  ¦   57.43, tCQ NOoutLRL - 0.54 103
-0.2 
(1.6% of 
reaction
OM 2 ) 
NO & N2O 
 
    ¦ 


28.286.2 22,2,
inf,
tCtC
QQ
ON
G
NO
G
G
R
G
 - 1.47 103
-0.6 
(4.4% of 
reaction
OM 2 ) 
COD  ¦  BODinLRL CtQ , - 1.29 103
-0.6 
(3.9% of 
reaction
OM 2 ) 
O2 accumulation 
(DO + headspace)
2,OR
accM' - 6.07 (DO) 
+2.84
(headspace) 
< 0.02 
Dissolved O2 
outflow    ¦  tCtQ OoutLRL 2, -24.4 0.1 
O2 gap (in-out) 2O
gapM'
321 < 0.3  
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Table 4.4: Overall carbon mass balance over the measuring campaign 
Variable Total 
amount  
[kg C] 
Relative amount 
[%] (compared 
to total C in
in
CM )  
Total C inflow  
   tCtQ
CQCtQ
XC
inL
R
L
C
GG
C
G
R
G
¦
¦¦


,
,
inf,inf,1,
 
1.731 104 100  
TIC inflow    tCtQ TICinLRL¦  ,  1.650 104 95.3  
biodegradable 
COD   ¦  BODinLRL CtQ , 4.824 10
2  2.8  
CO2 inflow 
(aeration gas) 
 ¦  21,COGRG CtQ  3.327 10
2 1.9  
CO2 outflow -     tCQtQ COGGRG¦  22,inf,  - 1.668 10
4 - 96.3  
TIC uptake by 
AOB 
    054.02, ¦ tCtQ TNOoutLRL  - 383.4 - 2.2  
C-gap (in-out) CgapM' 2.543 10
2 1.5  
 
Table 4.5: Elemental nitrogen mass balance over the measuring campaign 
Variable Total amount 
[kg N] 
Relative 
amount [%]  
TNH inflow (L)    tCtQ TNHinLRL¦  ,  1.664 104 95 
TKN inflow(L)a    tCtQ TNHinLRL¦  ,053.1  1.752 104 100 
TNH outflow 
(L)    tCtQ
TNH
outL
R
L¦  ,  - 0.798 104 - 45.5 
TNO2 outflow 
(L) 
   tCtQ TNOoutLRL¦  2,  - 0.856 10
4 - 48.9 

3NO  outflow 
(L) 
   tCtQ NOoutLRL¦  3,  - 0.012 10
4 - 0.69 
N-accumulation 
(L) 
NR
accM
,'  0.0725 10
4 - 4.14 
N2O outflow 
(G) 
    ¦  tCQtQ ONGGRG 22,inf,  - 0.0618 10
4 - 3.5 
NO outflow (G)     tCQtQ NOGGRG¦  2,inf,  - 0.0022 104 - 0.12 
N gap (in-out) gap
NM'  - 0.138 10
4 - 2.9 
a Total influent Kjeldahl Nitrogen estimated based on Hellinga et al. (1998) 
 
  
125 
Chapter 4 
4.8.2 Experiments 
4.8.2.1 Normal operation cycles 
The off-gas N2O concentration profiles during aeration of all standard 
operation cycles are displayed in Figure 4.6. The average N2O concentration 
was calculated each minute and a double exponential curve was fitted to this 
profile (Eq. 4.14). Note however that the aeration period differs between 
cycles. 
Figure 4.6: Off-gas N2O profile during the aerated period of all standard 
operation cycles including the mean off-gas N2O profile with double 
exponential data fit (Eq. 4.14). 
     tttC ONG  4107.0exp13440374.0exp124311922,  Eq. 4.14 
4.8.2.2 Lowered DO experiments 
The application of the same minimal aeration flow rate during two distinct 
cycles resulted in DO values of 0.6 and 1 g O2.m-3, as displayed together with 
the other measured variables and estimated N2O formation rate in Figure 4.7 
and Figure 4.8, respectively. 
     tttC ONG  2829.0exp321,20317.0exp885,150822,  Eq. 4.15 
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Eq. 4.15 is the double exponential data fit to the off-gas N2O concentration 
profile, in ppm. 
 
Figure 4.7: Measurement results from the experimental cycle with minimal 
aeration flow rate, resulting in DO=0.6 g O2.m-3. A. Off-gas N2O profile. 
Estimated aerobic N2O formation shown by green dotted line. B. Off-gas CO2 
, NO and O2 profile. C. SHARON reactor DO and pH. D. SHARON reactor 
aeration flow rate and liquid feeding rate. The aeration on and off switches 
are indicated by vertical dashed magenta and solid black lines, respectively. 
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Figure 4.8: Measurement results from the experimental cycle with minimal 
aeration flow rate, resulting in DO=1 g O2.m-3. A. Off-gas N2O profile, data 
fit during aeration is shown by solid red line, data fit during non aeration is 
shown by cyan dash-dotted line. Estimated aerobic N2O formation shown by 
green dotted line. B. Off-gas CO2 , NO and O2 profile. C. SHARON reactor 
DO and pH. D. SHARON reactor aeration flow rate and liquid feeding rate. 
The aeration on and off switch are taken up by a dashed magenta and solid 
black line respectively. 
     tttC ONG  2735.0exp7900253.0exp60027622,  Eq. 4.16 
Eq. 4.16 is the double exponential data fit to the off-gas N2O concentration 
profile, in ppm. 
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4.8.3 Shortened cycles experiment 
The total cycle duration was halved to 1 h cycles to investigate effect of 
transitions on N2O formation rates and emissions. In total, 21 short cycles were 
monitored (Figure 4.9). 
 
 
 
Figure 4.9: Measurement results from shortened aeration cycles experiment. 
A. Off-gas N2O profile, data fit during aeration is shown by solid red line, data 
fit during non aeration is shown by cyan dash-dotted line. Estimated aerobic 
N2O formation shown by green dotted line. B. Off-gas CO2 , NO and O2 
profile. C. SHARON reactor DO and pH. D. SHARON reactor aeration flow 
rate and liquid feeding rate. The aeration on and off switch are taken up by a 
dashed magenta and solid black lines, respectively. 
 
A 
B 
C 
D 
O2 
CO2
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4.8.4 Data analysis for Kampschreur et al. (2008b) 
The methodology to determine the amount of N2O formed under aerobic and 
anoxic conditions was also applied to the data of Kampschreur et al. (2008b). 
This data set was used since it concerns the same reactor as this study and 
yields additional insights in the N2O formation conditions. The data and data 
fit are given in Figure 4.10.  
Figure 4.10: Data fit to measurement data of Kampschreur et al. (2008b). 
    ¦  tCQtQ ONGGRG 22,inf2 emission ON  Eq. 4.17 
     tttC ONG  6157.0exp12650722.0exp7614.4422,  Eq. 4.18 
Based on the data fit (Eq. 4.18, in ppm), the total N2O emission was 
estimated through Eq. 4.17 as 1366 g N (area under red curve multiplied by 
the off-gas flow rate, 13inf .7758   hmQQ G
R
G ), including a conversion factor 
of 133 .ppmN.mg10126.1  . Given the TNH loading rate of 980 kg N.d-1, 
this results in an emission factor of 1.7 %, which is indeed the same as reported 
value by Kampschreur et al. (2008b), underlining the validity of the data fit. 
With the method proposed in this study, the total emission can be traced back 
to aerobically and anoxically formed N2O. The aerobically formed N2O was 
calculated from the constant term of Eq. 4.18 through Eq. 4.17; 574 g N of the 
total emission is attributed to aerobically formed N2O. The remainder, 1366-
574 = 792 g N is formed under the preceding anoxic conditions. The N2O 
formation rates are 6.4 g N.min-1 and 27.9 g N.min-1, for the aerobic and anoxic 
conditions, respectively. 
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5.1 Abstract 
A dynamic model was applied to reproduce the results of a three-weeks 
monitoring campaign on a full-scale partial nitritation reactor. Besides the 
ability of the model to describe the reactor concentrations in terms of 
ammonium, nitrite and nitrate, particular attention was paid to the possible 
reproduction of the observed off-gas N2O profile through various N2O 
formation pathways. First, a qualitative assessment was performed to identify 
the mechanisms contributing to the N2O emissions. The model was 
subsequently calibrated and the simulation results were assessed concerning 
the potential and limitations of mathematical models to predict N2O emissions. 
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5.2 Introduction 
Nitrous oxide (N2O), a potent greenhouse gas, can be formed and emitted 
during wastewater treatment. Measurement data show large variations in N2O 
emissions, both on a seasonal and diurnal scale (Ahn et al. 2010b, Daelman et 
al. 2015). Nitrous oxide can be formed biologically and chemically, an 
extensive overview is given by Schreiber et al. (2012). N2O is an intermediate 
in heterotrophic denitrification pathway, which reduces nitrate over nitrite, 
NO, N2O to N2 (Knowles 1982, von Schulthess and Gujer 1996). Regarding 
the N2O formation by ammonia oxidising bacteria (AOB), two pathways are 
distinguished. The first one concerns the formation of N2O as a side product 
of the oxidation of hydroxylamine (NH2OH) to nitrite and is termed the direct 
pathway or hydroxylamine pathway. The second one comprises N2O 
formation through the reduction of nitrite, which is referred to as the indirect 
pathway or nitrifier denitrification. Chemical N2O formation reactions involve 
HNO, NH2OH and nitrite (Schreiber et al. 2012). Even though the 
fundamental mechanisms about N2O formation are not yet known (Ni and 
Yuan 2015, Schreiber et al. 2012), a number of models describing N2O 
formation have been put forward in literature. These models concern the 
heterotrophic pathway (Hiatt and Grady 2008, Pan et al. 2013) or through AOB 
direct pathway (Law et al. 2012, Ni et al. 2013b) , or indirect pathway (Guo 
and Vanrolleghem 2014, Houweling et al. 2011, Mampaey et al. 2013, Ni et 
al. 2011, Pocquet 2015). 
The use of models can be divided into two categories (1), to qualitatively 
identify the pathways contributing to the N2O emissions (Flores-Alsina et al. 
2011, Mampaey et al. 2013, Ni et al. 2014, Ni et al. 2013b) and (2), to 
quantitatively predict the N2O emissions from a treatment plant (Ni et al. 2014, 
Ni et al. 2013a, Ni and Yuan 2015). 
In this chapter, dynamic state-of-the-art models including N2O formation 
were applied to simulate and analyse the data of a three-weeks monitoring 
campaign (Mampaey et al. 2016). First, the potential of the N2O formation 
models to describe the N2O emissions in a qualitative manner and to identify 
possible formation mechanisms was assessed. Furthermore, the model was be 
calibrated and its ability to predict the N2O emissions in a quantitative manner 
was investigated. Overall, this study demonstrates the potential and the 
limitations of using mathematical models for describing and predicting N2O 
emissions. 
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5.3 Materials and methods 
5.3.1 Full-scale monitoring data 
A three-weeks monitoring campaign was performed on the full-scale 
SHARON partial nitritation reactor in Rotterdam, the Netherlands (Mampaey 
et al. 2016). This reactor is part of the sludge handling facility and treats the 
anaerobic digestion reject water. The effluent from the SHARON reactor 
contains ammonium and nitrite in about equimolar concentrations and is fed to 
an Anammox reactor. More details on the treatment plant are given by 
Kampschreur et al. (2008b), Mulder et al. (2001).  
The data of the three-weeks monitoring campaign consists of standard 
operation cycles (Section 4.4.2) as well as dedicated experiments (Section 
4.4.3): prolonged aeration, prolonged anoxic conditions, lowered DO and 
shortened cycles. The standard operation cycles are 2-hour cycles consisting 
of an aerated period (DO set point = 2 g O2.m-3) and a non-aerated period, to 
keep a constant aerobic retention time despite the varying influent flow rates. 
The liquid inflow; being the centrifuge outflow, varied between 0 (no flow) 
and 20 to 41 m3.h-1, but is relatively constant during a cycle. The influent total 
ammonium (TNH) concentration varied between 1050 and 1500 g N.m-3. The 
influent was assumed to contain a constant biodegradable COD value of 100 ± 
10 g BOD.m-3. During the first days of the monitoring campaign, there was 
biomass washout due to scum formation. From day 6 onwards, the reactor 
returned to its normal operating conditions, this period was considered for the 
quantitative and qualitative comparison between the simulation results and the 
experimental data. 
5.3.2 Biological conversions 
The dynamic simulation model considers biological conversion reactions by 
ammonium oxidizing bacteria (AOB), nitrite oxidizing bacteria (NOB) and 
heterotrophic bacteria (HET). The stoichiometric matrix and reaction rates are 
summarised in Table 5.3 and Table 5.4 (Appendix 5.6). 
Biological oxidation of ammonium to nitrite was described through three 
subsequent reactions (r1 OHNHNH 24 o
 ; r2 NOOHNH o2 ; r3
o 2NONO ) based on Pocquet et al. (2015). A direct pH effect on these 
reactions is taken into account as described by Van Hulle et al. (2007) to 
prevent unrealistic low pH values. The model utilised in this chapter differs 
from chapter 2 by considering NH2OH as a variable and different NO and N2O 
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formation pathways. N2O formation by AOB was described as in Pocquet et 
al. (2015), via the direct pathway (reaction r4 ONNOOHNH 22 o ) and the 
indirect pathway (r5 ONNOOHNH 222 o
 ). In the indirect pathway, nitrite 
is directly converted to N2O, NO was not considered as intermediate, which is 
different from the model of chapter 2. Furthermore, a HNO2 inhibition term as 
Ni et al. (2014) was not considered, its possible effect was taken up during 
calibration. The additional uptake of a Monod inhibition term for dissolved 
oxygen was considered as an option to describe the reaction rate for the indirect 
pathway, as proposed by Ni et al. (2011). The mechanistic explanation would 
be that the indirect pathway mechanism is suppressed by the presence of 
dissolved oxygen. 
Biological nitrite oxidation is modelled as a single reaction (r7  o 32 NONO ) 
(Hiatt and Grady 2008). Six reactions are considered for heterotrophs, namely 
aerobic growth (r9, HETS XS o ), 4-step denitrification (r10-r13 
 o 23 NONO
; NONO o2 ; ONNO 2o ; 22 NON o ) and hydrolysis of slowly 
biodegradable COD (r15 SS SX o ) (Hiatt and Grady 2008). The loss of active 
biomass is modelled as decay for AOB (r6), NOB (r8) and HET (r14), as Hiatt 
and Grady (2008), Pocquet (2015). 
5.3.3 Mass balances and physicochemical model features 
The reactor model comprises mass balances for the liquid phase and the gas 
phase, which were both assumed to be perfectly mixed and are connected 
through interphase gas transfer. The liquid phase mass balance was expressed 
as Eq. 5.1, the change in liquid phase concentration of component i ¸¸¹
·
¨¨©
§
dt
dC iL,  is 
equal to the difference between liquid inflow and outflow
> @¸¸
¹
·
¨¨©
§
 iLL
in
iL
in
L
L
CQCQ
V ,,
1 , the interphase transfer   L,i*L,iiL CCak   and its 
production rate  iLR , .  
> @   iLiLiLiLiLLiniLinL
L
iL RCCakCQCQ
Vdt
dC
,,
*
,,,
, 1   Eq. 5.1 
The gas phase was assumed to be in steady state, resulting in Eq. 5.2.  
  LiLiLiLiGoutGin iGinG VCCakCQCQ  ,*,,,0  Eq. 5.2 
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The biological production rate of component i  iLR , , which is related to the
reaction rates of Table 5.4 (Appendix 5.6) and the stoichiometric coefficients 
(Ak,i, Table 5.3) is calculated through Eq. 5.3.  
¦
 
 
15
1
,,
k
ikjiL AR U  Eq. 5.3 
A linear relationship of van der Lans (2000), Eq. 5.4, was used to calculate 
 2OLak  with an additional scaling factor D . Eq. 5.4 expresses the mass
transport in air/clean water systems, for course bubble columns with a low 
superficial gas flow rates vG,s  < 0.1 m.s-1 The scaling factor D  in Eq. 5.4 
accounts for the actual experimental conditions, fine bubble aeration system, 
reject water instead of clean water and temperature. Note that the value of D  
was constant in the simulations, it is expected to vary in reality due to (small) 
changes in the influent composition, fouling of the aerator, changing 
temperatures, … . 
sG
O
L vak ,6.02  D    Eq. 5.4 
The superficial gas flow rate was calculated by Eq. 5.5, (van der Lans 2000), 
which takes into account the ambient pressure  0P  and hydrostatic pressure
 LOH Hg 2G . 
LOH
LOH
R
G
sG Hg
P
Hg
P
A
Qv

¸¸¹
·
¨¨©
§ 

 
2
2
0
0,
1ln
G
G
  Eq. 5.5
The interphase mass transfer rate coefficient  iLak  for other gases than
oxygen can be related to the latter one through their respective diffusion 
coefficients (Eq. 5.6, De heyder et al. (1997)): 
2
2
O
iO
L
i
L D
Dakak   Eq. 5.6 
During simulation, still a small airflow rate (1 m3.h-1) was applied under anoxic 
conditions, to simulate the interphase transfer at the liquid phase surface during 
the non-aerated periods. The transferred gas amount was negligible. Besides, 
applying an airflow rate was also required for the calculation of the off-gas 
concentrations. The model includes dynamic pH calculation using a charge 
balance approach (Volcke 2006). 
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5.4 Results and discussion 
5.4.1 Overall reactor performance  
The dynamic reactor behaviour was first simulated without considering 
N2O formation (by deactivating reactions r4, r5, r10-r13 in Table 5.4) to assess 
the capability of the model to simulate the overall reactor performance in terms 
of nitrogen conversion, oxygen concentration and pH profile. The Dfactor in 
the expression for the oxygen transfer rate (Eq. 5.4) was calibrated manually 
based on visual comparison between the simulated and measured DO in the 
reactor during prolonged continuous aeration on day 16 (Figure 5.1). A value 
of 75.0 D  was found to give the best fit and was applied for all simulations. 
The aeration flow rate inGQ  Eq. 1.4 was known from the SCADA system. The 
resulting oxygen transfer coefficient, calculated from Eq. 5.4, amounts to
2O
Lak =147 d-1 on average. This value differs only 16% from the 2
O
Lak  
estimation from measurement data, 2OLak =127 d-1 (Mampaey et al. 2016), 
demonstrating that the chosen value of D  was adequate.  
The simulated reactor performance in terms of ammonium conversion is 
very close to the experimentally measured values (Figure 5.1; average 
conversion 58% and 57%, respectively). The nitrite concentrations were on 
average 11% higher in the simulations compared to the experimental data. In 
the simulations, no biological nitrate formation was found, whereas the 
experimental data yielded low nitrate concentrations, between 4 and 35 gN.m-3. 
The measured low nitrate concentrations are attributed to chemical oxidation 
of nitrite, as high nitrite concentrations are present and the pH in the reactor is 
low (Udert et al. 2005). The simulation study also revealed that one grab 
sample per day is adequate to capture the changes in concentration of TNH, 
TNO2 and 3NO  in the reactor, due to the smoothening capacity of the reactor. 
The pH is a sensitive parameter in the reactor as virtually all buffer capacity 
(in the form of bicarbonate) is depleted once about half of the ammonium is 
converted to nitrite (van Dongen et al. 2001). As a consequence, small 
variations in ammonium or nitrite conversion provoke a measurable pH effect, 
which on their turn affect the biological conversion rates through substrate 
availability and inhibition effects (Magrí et al. 2007).  
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Figure 5.1: Simulated reactor performance (not considering N2O formation); 
A. Dissolved oxygen (DO) concentration; B. total ammonium nitrogen (TNH)
and total nitrite nitrogen (TNO2) concentration; C. nitrate nitrogen
concentration; D. pH
5.4.2 Qualitative assessment N2O formation pathways 
The cyclic aerobic-anoxic reactor operation resulted in a typical off-gas N2O 
profile observed during aerated periods, consisting of a peak emission at the 
start of aeration and a subsequent decrease, related to dissolved N2O 
accumulation and stripping (Mampaey et al. 2016). The possible N2O 
formation pathways are discussed in terms of their ability to predict the 
formation under aerobic and anoxic conditions. The results for heterotrophic 
denitrification pathway (reactions r10-r13, Table 5.4) are shown in Figure 5.5, 
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the direct pathway (r4) in Figure 5.6, the indirect pathway (r5UDWHȡ5a) Figure 
5.7, the indirect pathway with O2 inhibition (r5UDWHȡ5b) in Figure 5.8. Table 
5.1 summarises the simulation results of each biological pathway and its ability 
to qualitatively describe the measurement data.  
 
Table 5.1: Ability of the different N2O formation pathways to qualitatively 
describe the observed N2O formation 
Reactor  
conditions 
Heterotrophic Direct 
pathway 
Indirect 
pathway 
Indirect 
pathway with 
O2 inhibition 
Aerobic No (Insufficient 
N2O formation) 
Yes Yes No (Insufficient 
N2O formation) 
Anoxic Yes No (Negligible 
N2O formation) 
Yes Yes 
 
The observed anoxic N2O formation can be described by heterotrophic 
denitrification and by the indirect pathway with or without O2 inhibition - if 
NH2OH is present for the latter two pathways. Considering NH2OH as 
additional state variable is one of the main differences with the model of 
chapter 2. The direct pathway cannot describe the anoxic N2O formation, as 
O2 is required for this pathway. The experimentally observed constant aerobic 
N2O formation rate, which was unambiguously measured during the prolonged 
aeration experiment, could result from both the direct pathway (Figure 5.6) and 
the indirect pathway without DO inhibition term (Figure 5.7), as off-gas N2O 
concentration was constant for both pathways under continuous aeration. The 
contribution of heterotrophic denitrification and the indirect pathway with O2 
inhibition is inhibited by the DO but still significant under aerobic conditions. 
Chemical reaction of NH2OH with HNO2 to N2O (Soler-Jofra et al. 2016) was 
assumed to be small, if occurring it would be lumped in the biological N2O 
formation pathway during model calibration. Chemical reduction of nitrite 
with Fe2+ to NO and N2O (Kampschreur et al. 2011) is also not a major 
contributing factor of the anoxic N2O formation, as the experimental NO 
concentration under anoxic conditions becomes zero, Kampschreur et al. 
(2011) measured a significant accumulation of NO.  
Overall, the simulation results obtained with the non-calibrated models 
describing individual N2O formation pathways indicated that anoxic N2O 
formation could be caused by heterotrophic denitrification and the indirect 
pathway, while aerobic N2O formation could be described by the direct 
pathway or the indirect pathway, provided the latter is not inhibited by oxygen.  
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5.4.3 Model calibration and quantitative assessment N2O formation 
pathways 
Model calibration was performed based on the average anoxic N2O formation 
rate of the normal operation cycles (day 6 - 14) and on the steady-state off-gas 
N2O concentration of the prolonged aeration experiment. First, the anoxic N2O 
formation rate was calibrated to match the average anoxic N2O formation rate 
of all normal operation cycles in period of day 6 - 14, 33 g N.min-1. Anoxic 
N2O formation can be caused by heterotrophic denitrification or the indirect 
pathway (see above qualitative assessment). However, in this case, the COD 
content of the influent was insufficient for heterotrophic denitrification to 
account for all the N2O formed under anoxic conditions; only an anoxic N2O 
emission factor of 1.1% could be explained by heterotrophic denitrification 
(Mampaey et al. 2016). This was confirmed by the simulations: applying the 
heterotrophic denitrification model of Hiatt and Grady (2008) without 
parameter calibration, heterotrophic denitrification accounted for 24.7% of the 
anoxic N2O formation on average. The remainder was attributed to the indirect 
pathway, be it with or without O2 inhibition term, underlining the importance 
to consider NH2OH to enable N2O formation by AOB under anoxic 
conditions. During the calibration, both Monod terms for NH2OH and HNO2 
for the indirect pathway (r5, Table 5.4) were near unity, so the parameter 
indirectONAOBq ,, 2 , which was also put forward as a key calibration parameters
by Ni and Yuan (2015), was chosen for calibration. The parameter 
indirectONAOBq ,, 2  was calibrated considering both the heterotrophic
denitrification pathway and the indirect pathway, to yield a combined anoxic 
N2O formation rate equal to the average value of the anoxic N2O formation 
rate of the normal operation cycles of day 6 - 14. The obtained parameter value 
for 1,, 4397.02
 dq indirectONAOB  was then also applied to simulate aerobic 
N2O formation. In case no oxygen inhibition term was considered for the 
indirect pathway, this resulted in an overestimation of the aerobic N2O 
formation (Figure 5.7), shifting the off-gas profile in a vertical way. This could 
not be alleviated by changing other parameter values. Indeed, as the formation 
of NH2OH requires O2 (Prosser 1990), and NH2OH is consumed for the 
reduction of nitrite to N2O, the concentration of NH2OH is highest during 
aeration and decreases under anoxic conditions. When including the O2 
inhibition term, the indirect pathway can describe the anoxic N2O formation 
without a too high aerobic N2O emission (Figure 5.8, note, the same value of 
indirectONAOBq ,, 2  as for Figure 5.7 was used).
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Because of the uptake of an oxygen inhibition term in the indirect pathway, 
the aerobic N2O formation was mostly related to the direct pathway and could 
be calibrated independently. Given that both the Monod terms for NH2OH and 
NO for the direct pathway (r4, Table 5.4) were near unity, the parameter 
directONAOBq ,, 2  was adjusted to increase the aerobic N2O formation rate. Its 
value 1,, 0288.02
 dq directONAOB was calibrated based on the prolonged 
aeration experiment (day 16, Figure 5.6), as the influence of the N2O formed 
under anoxic on the off-gas profile becomes negligible after a sufficient long 
period (Mampaey et al. 2016). Subsequently, the half-saturation constant for 
NO  HAOAOBNOK ,,  for the nitrite formation (r3, Table 5.4) was increased to fit 
the off-gas NO profile. As the Monod term of NO for the direct pathway was 
already near unity, it was not necessary to re-calibrate parameter directONAOBq ,, 2
. The simulation results for the calibrated model are shown in Figure 5.2, 
depicting a normal operation cycle, a period with prolonged anoxic conditions 
and the prolonged aeration experiment. The simulated reactor performance in 
terms of ammonium conversion is very close to the experimentally measured 
values (Figure 5.1; average conversion 58% and 57%, respectively). 
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Figure 5.2: Simulation results calibrated model considering all different 
biological pathways for N2O production. Left: Normal operation cycle; 
Middle: Prolonged aeration experiment; Right: Prolonged anoxic conditions 
experiment. 
Including the calibrated N2O formation pathways in the model has a 
negligible effect on the reactor performance in terms of ammonium, nitrite and 
nitrate concentrations (Figure 5.3). The calibrated model simulates an TNH 
conversion of 60%, slightly higher than when no N2O formation was 
considered (59%) and slightly higher than the measurement data (57%). The 
nitrite concentration was 7% higher than the measurement data, however the 
difference is small and can be considered within experimental/measurement 
uncertainty. The NO profile is well captured by the model, an initial fast 
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increase at the start of aeration, as O2 is required for its formation, and levels-
off. When the aeration is turned off, the concentration is going towards zero 
during the anoxic periods. When considering N2O formation on a macroscopic 
level, all formation mechanisms have a direct or indirect effect to decrease the 
nitrite concentration, explaining the lower simulated nitrite concentration. In 
the heterotrophic denitrification pathway, nitrate is subsequently reduced to 
nitrite, NO, N2O, N2. In the direct formation pathway, NH2OH is converted to 
N2O instead of nitrite. In the indirect pathway, nitrite is converted with 
NH2OH to N2O, which holds for all the models describing the direct pathway 
(Ni and Yuan 2015, Schreiber et al. 2012). The pH profile is well captured by 
the simulations, however some off-set is observed, which is attributed to small 
differences in conversion. 
The NH2OH profile also shows a cyclic variation, accumulation during 
aeration, the majority of the increase occurred during the first 15-20 minutes, 
and decrease during the anoxic conditions due to consumption via the indirect 
pathway. Since the majority of the NH2OH accumulation occurred during the 
start of aeration, rapid alternating aerobic and anoxic conditions could lead to 
increased N2O formation, depending on the relative contribution of direct and 
indirect pathway. During the prolonged anoxic conditions, the NH2OH 
concentration did not yet reach zero, showing a potentially high anoxic N2O 
formation capacity. However, these results should not be considered fully 
quantitatively as the NH2OH concentration was not calibrated.  
The relative contribution of each formation mechanism to the N2O 
formation when two or more mechanisms and emission cannot be (easily) 
considering only the experimental data. The dissolved N2O concentration is 
different from the calibrated model as when only considering heterotrophic 
denitrification. As a result, the amount of N2O denitrified is higher with 
increasing dissolved N2O concentrations. It is feasible to make a qualitative 
determination of the pathways contributing to the N2O emissions. However, a 
fully quantitative determination is not feasible, as the uncertainty related to 
model parameters (KS) is high (Reichert and Vanrolleghem 2001).  
Overall, since heterotrophic denitrification was limited by influent COD in 
this study, the AOB were the main contributor to the N2O emissions through 
the indirect pathway under anoxic conditions, contrary to Wang et al. (2014) 
and Gabarró et al. (2014), who propose that the majority of the N2O emissions 
is related to N2O formation by heterotrophs.  
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5.4.4 Validation 
Model validation was performed by comparing the simulations with the 
experimental data for the shortened cycles experiment, lowered DO 
experiments and the normal operation cycles not yet used for calibration (day 
17 – 24). Figure 5.3 presents the reactor performance, including the measured 
and simulated off-gas N2O profiles. The calibrated model adequately captures 
the off-gas N2O profile up to and including the prolonged aeration experiment 
(day 16). This was expected as the normal operation cycles of this period and 
the prolonged aeration experiment were used to calibrate the model. However, 
in the subsequent period (day 17 – 24), the off-gas N2O is under predicted. The 
simulated N2O emission factor (EF) was 3%, while the measurement data 
yields an EF of 3.7% (Mampaey et al. 2016). The under prediction of the EF 
was not related to the difference in pH between simulations and experiment, 
the HNO2 concentration was at least 25 times higher than the half saturation 
constant AOBHNOK ,2 .The cause of the discrepancy was investigated by the
target validation cycles from Figure 5.4. 
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Figure 5.3: Simulated reactor performance with the calibrated model; A. Off-
gas N2O concentration; B. Dissolved oxygen (DO) concentration; C. total 
ammonium nitrogen (TNH) and total nitrite nitrogen (TNO2) concentration; 
D. nitrate nitrogen concentration; E. pH 
 
The off-gas NO profile, DO profile is captured well for all cycles shown in 
Figure 5.4. There is an off-set between the simulated and experimental pH 
profile, the underlying cause has not been identified. The off-gas N2O profile 
is well captured for the shortened cycles experiment and the experiment with 
a DO of 1 g O2.m-3. The off-gas N2O profile of the DO = 0.6 g O2.m-3 and the 
normal cycle is under predicted. To assess the cause of the difference between 
simulations and experimental data, the N2O formation rates are given in Table 
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5.2. The experimental aerobic and anoxic N2O formation rate for the normal 
cycle of day 17 were calculated from the off-gas profile, as described in Section 
3.4.2. The total N2O emission from the target normal cycle was 5351 g N 
(data), whereas the simulations only predicted 2631 g N, an under estimation 
of 51%. 
Table 5.2: Comparison experimental and simulated N2O formation rates 
under aerobic and anoxic conditions 
N2O formation 
rate [g N.min-1] 
Simulation Experiment (Mampaey et al. 2016) 
Anoxic Aerobic Anoxic Aerobic 
DO=0.6 gO2.m-3 
(day 8) 
45.2 10.7 84.0 27.4 
DO=1 gO2.m-3 
(day 9) 
51.0 12.4 31.0 14.7 
Normal cycle 
(day 17) 
50.4 7.2 86.6 21.5 
The dissolved N2O concentration profile was not directly used during 
calibration. An example cycle, previously also used in chapter 3 (Figure 3.9) 
is updated with the simulation results for dissolved N2O concentration in 
Figure 5.9. The simulation results showed a good agreement with the profile 
calculated based on the reactor off-gas measurements, what could be expected, 
as both consider the concentration profile averaged over the reactor. At the end 
of the aeration, the simulation predicted a slightly lower residual dissolved 
N2O concentration, which was due to a slightly lower aerobic N2O formation 
rate. The vertical dissolved N2O concentration profile, suggested by the gas 
stripping device measurements, has no effect on the predicting quality of the 
interphase transfer of the model. 
The aerobic N2O formation rate was under predicted in the simulations, 
which was most pronounced in the case of the target normal cycle on day 17. 
Even though the aerobic N2O formation rate is underestimated, it is not the 
main cause of the under prediction of the EF; it was proven that the aerobic 
conditions only contribute for 34% to the total N2O emission (Mampaey et al. 
2016). Overall, the aerobic N2O formation, related to direct, indirect and 
heterotrophic pathway, accounts for an emission factor of 1.2%, which is 
comparable to the experimental data of normal operating cycles (Mampaey et 
al. 2016). 
The anoxic formation rate was under predicted by 42% for the target 
normal cycle, which is the main cause for the lower off-gas N2O profiles. 
Possible reasons for the inability to predict the N2O emissions are: (I) an 
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increased BOD concentration in the feed. (II) Small and slow (seasonal) 
variations of variables not yet uncovered nor considered in the model, similar 
to the observations made by Daelman et al. (2015), or (III) changes in 
microbial parameters. In case the incoming biodegradable COD concentration 
had doubled, incomplete heterotrophic denitrification could account for the 
increased anoxic N2O formation. However, it cannot be excluded that the AOB 
will also contribute to the increased anoxic N2O formation rate via the indirect 
pathway due to an increased NH2OH concentration. 
 
 
Figure 5.4: Validation: Shortened cycles experiment, lowered DO experiment 
and a normal operation cycle at the end of the monitoring campaign 
5.5 Conclusions 
x The behaviour of a full-scale partial nitritation reactor in terms of 
ammonium conversion, nitrite concentrations and pH profile was well-
described through a dynamic simulation model, whether or not 
considering N2O emissions. 
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x The off-gas N2O profile, which is caused by accumulation and stripping
of dissolved N2O could be reproduced in a qualitative way. The NO
profile was also qualitatively reproduced.
x AOB are the main contributors to the N2O formation, under aerobic as
well as anoxic conditions. Under aerobic conditions, most N2O is
formed through the direct pathway (aerobic N2O formation accounts
for an N2O emission factor of 1.2% out of 3% in total), while under
anoxic conditions both heterotrophic denitrification and autotrophic
denitrification (indirect pathway) cause N2O formation (1.8%)
x Simulations revealed the necessity to include an O2 inhibition term to
describe the indirect N2O formation pathway and to include NH2OH as
variable.
x The use of models to predict actual N2O emission factors is not (yet)
feasible. The model could only predict the emissions within 50%
accuracy up to 7 days after model calibration.
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Table 5.5: Parameter values at 35°C 
Parameter Description Value Unit Ref. 
AOB 
HAOAOB,P Maximum AOB growth rate 
during HAO reaction 
2.13 d-1 (Hellinga et al. 
1998) 
HAOAOBq , Maximum rate for HAO 
reaction (μAOB/YAOB) 
14.16 gN.gCOD-1.d-1 Calculated as in 
(Pocquet 2015) 
AMOAOBq , Maximum rate for AMO 
reaction (μAOB/YAOB) 
14.16 gN.gCOD-1.d-1 Calculated as in 
(Pocquet 2015) 
AOBY AOB growth yield 0.15 gCOD.gN
-1 (Wiesmann 1994) 
AOBNHK ,3 AOB affinity constant for 
NH3 
0.125 gN.m-3 Estimated 
AOBOHNHK ,2 AOB affinity constant for 
NH2OH 
0.9 gN.m-3 (Pocquet 2015) 
AOBHNOK ,2 AOB affinity constant for 
HNO2 
0.004 gN.m-3 (Pocquet 2015) 
HAOAOBNOK ,, AOB affinity constant for 
NO (from HAO) 
0.002 gN.m-3 This study 
NorAOBNOK ,, AOB affinity constant for 
NO (from NirK) 
0.008 gN.m-3 (Pocquet 2015) 
AMOAOBOK ,,2 AOB affinity constant for O2 
(AMO reaction) 
1 gO2.m-3 (Pocquet 2015) 
HAOAOBOK ,,2 AOB affinity constant for O2 
(HAO reaction) 
0.6 gO2.m-3 (Pocquet 2015) 
AOBOI ,2 Inhibition constant for O2 
(indirect pathway) 
0.1 gO2.m-3 (Hiatt and Grady 
2008, Ni et al. 2011) 
directONAOBq ,, 2 Maximum rate for N2O 
formation by direct pathway 
0.0288 gN.gCOD-1.d-1 This study 
indirectONAOBq ,, 2 Maximum rate for N2O 
formation by indirect 
pathway 
0.3664 gN.gCOD-1.d-1 This study 
AOBb Decay coefficient AOB 0.262 d
-1 (Hiatt and Grady 
2008) 
NOB 
NOBY NOB growth yield 0.06 gCOD.gN
-1 (Hiatt and Grady 
2008) 
NOBmax,P Maximum specific growth 
rate NOB 
1.06 d-1 (Lochtman 1995) 
NOBHNOK ,2 NOB affinity constant for 
HNO2 
0.266 gN.m-3 (Wiesmann 1994) 
NOBOK ,2 NOB affinity constant for O2 1.2 gO2.m
-3 (Hiatt and Grady 
2008) 
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Parameter Description Value Unit Ref. 
NOBNHI ,3  NH3 inhibition constant 0.2 gN.m
-3 (Hiatt and Grady 
2008) 
NOBHNOI ,2  HNO2 inhibition constant 0.04 gN.m
-3 (Hiatt and Grady 
2008) 
NOBb  Decay coefficient NOB 0.262 d
-1 (Hiatt and Grady 
2008) 
HET 
HETY  Heterotrophic yield 0.6 gCOD.gCOD
-1 (Hiatt and Grady 
2008) 
HETmax,P  Maximum specific growth 
rate HET 
17.07 d-1 This study 
HETb  Decay coefficient HET 0.408 d
-1 (Hiatt and Grady 
2008) 
HETYK  Anoxic yield factor 0.9 - (Hiatt and Grady 
2008) 
hK  Anoxic hydrolysis factor 0.4 - (Hiatt and Grady 
2008) 

3,NOHET
K  Anoxic growth factor  
 o 23 NONO  
0.28 - (Hiatt and Grady 
2008) 
2,TNOHETK  Anoxic growth factor 
NONO o2  
0.16 - (Hiatt and Grady 
2008) 
NOHET ,K  Anoxic growth factor 
ONNO 2o  
0.35 - (Hiatt and Grady 
2008) 
ONHET 2,K  Anoxic growth factor 
22 NON o  
0.35 - (Hiatt and Grady 
2008) 
aerSSK ,  Affinity constant aerobic 
conversion SS 
20 gCOD.m-3 (Hiatt and Grady 
2008) 

3,NOSS
K  Affinity constant (SS) for 
 o 23 NONO  
20 gCOD.m-3 (Hiatt and Grady 
2008) 
2,TNOSSK  Affinity constant (SS) for 
NONO o2  
20 gCOD.m-3 (Hiatt and Grady 
2008) 
NOSSK ,  Affinity constant (SS) for 
ONNO 2o  
20 gCOD.m-3 (Hiatt and Grady 
2008) 
ONSSK 2,  Affinity constant (SS) for 
22 NON o  
40 gCOD.m-3 (Hiatt and Grady 
2008) 
aerOK ,2  Affinity constant (O2) 
aerobic conversion SS 
0.1 gCOD.m-3 (Hiatt and Grady 
2008) 
anoxOI ,2  O2 inhibition constant for 
denitrification 
0.1 gCOD.m-3 (Hiatt and Grady 
2008) 
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Parameter Description Value Unit Ref. 
anoxNOK ,3
Affinity constant  
( 3NO ) 
0.2 gN.m-3 (Hiatt and Grady 
2008) 
anoxTNOK ,2 Affinity constant  
( 2TNO ) 
0.2 gN.m-3 (Hiatt and Grady 
2008) 
anoxNOK , Affinity constant  
( NO ) 
0.0005 gN.m-3 (Hiatt and Grady 
2008) 
anoxONK ,2 Affinity constant  
( ON2 ) 
0.05 gN.m-3 (Hiatt and Grady 
2008) 
2,, TNOanoxNOI NO inhibition constant for 
NONO o2
0.5 gCOD.m-3 (Hiatt and Grady 
2008) 
NOanoxNOI ,, NO inhibition constant for 
ONNO 2o
0.3 gCOD.m-3 (Hiatt and Grady 
2008) 
ONanoxNOI 2,, NO inhibition constant for 
22 NON o
0.075 gCOD.m-3 (Hiatt and Grady 
2008) 
SXK Affinity constant (XS) 
hydrolysis 
0.15 gCOD.m-3 (Hiatt and Grady 
2008) 
hk Hydrolysis coefficient 2.208 gCOD.gCOD
-
1.d-1
(Hiatt and Grady 
2008) 

3NO
K Affinity constant  
( 3NO ) hydrolysis 
0.2 gN.m-3 (Hiatt and Grady 
2008) 
hOK ,2 Affinity constant (O2) 
hydrolysis 
0.1 gO2.m-3 (Hiatt and Grady 
2008) 
hOI ,2 O2 inhibition constant 
hydrolysis 
0.1 gO2.m-3 (Hiatt and Grady 
2008) 
Biomass characteristics 
BMNi , Nitrogen content of active 
biomass 
0.07 gN.gCOD-1 (Henze et al. 2000) 
DXNi , Nitrogen content of biomass 
debris 
0.06 gN.gCOD-1 (Hiatt and Grady 
2008) 
Df Fraction biomass debris  0.08 gCOD.gCOD
-1 (Hiatt and Grady 
2008) 
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5.6.2 Qualitative assessment of N2O formation pathways 
Figure 5.5, Figure 5.6, Figure 5.7 and Figure 5.8 display the simulation results 
obtained with the individual, non-calibrated models, describing N2O formation 
through the heterotrophic denitrification pathway, direct pathway, indirect pathway 
and indirect with O2 inhibition, respectively. 
 
Figure 5.5: Simulation result considering heterotrophic denitrification as the sole 
source of N2O formation. Left: Normal operation cycle; Middle: prolonged aeration 
experiment; Right: Prolonged anoxic conditions experiment. 
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Figure 5.6: Simulation result considering the direct pathway as the sole source of 
N2O formation. Left: Normal operation cycle; Middle: prolonged aeration 
experiment; Right: Prolonged anoxic conditions experiment. 
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Figure 5.7: Simulation result considering the indirect pathway –without DO 
inhibition – as the sole source of N2O formation. Left: Normal operation cycle; 
Middle: prolonged aeration experiment; Right: Prolonged anoxic conditions 
experiment. 
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Figure 5.8: Simulation result considering the indirect pathway –with DO inhibition – 
as the sole source of N2O formation. Left: Normal operation cycle; Middle: prolonged 
aeration experiment; Right: Prolonged anoxic conditions experiment. 
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Figure 5.9: Comparison of dissolved N2O concentration based on reactor off-gas 
measurements, gas stripping device measurements and the dynamic simulation 
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Chapter 6 
The overall goal of this PhD thesis was to elucidate the formation mechanisms of N2O 
from innovative processes for biological nitrogen removal from wastewater, in order 
to minimise the N2O emissions through adequate process design and/or control. 
Elucidating the formation mechanisms was performed through modelling and 
simulation, combined with full-scale measurement data.  
Figure 6.1: Simplified biological nitrogen cycle. Nitritation reaction (1), nitratation 
(3), denitrification (4(a)-(d)), conventional biological nitrogen removal (1,3,4(a)-(d)), 
anammox (5), nitrogen fixation (6), dissimilatory nitrate reduction to ammonium, 
DNRA (4(a),7) 
6.1 Modelling N2O formation mechanisms  
The following routes for N2O (and NO) formation are known (Figure 6.1). 
(I) The formation of N2O (and NO) as a side product during nitrification (Ritchie and
Nicholas 1972)(1(a), 1(b)), referred to as direct pathway. (II) AOB have also been
known to produce NO and N2O by (autotrophic) denitrification of nitrite (Colliver
and Stephenson 2000) (2(a), 2(b)). (III) N2O and NO are intermediates in the
heterotrophic denitrification pathway (4(a)-(d)) (Knowles 1982, Payne 1973).
Heterotrophic denitrification is the only consumption reaction for N2O (4(d)). (IV)
Co-oxidation of ammonia and methane to NO and N2O by methanotrophs (Yoshinari
1985). (V) Chemical denitrification of nitrite to NO and N2O with reduced iron
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(Kampschreur et al. 2011); chemical denitrification of nitrate with a copper catalyst 
to ammonium (Gunderloy et al. 1970) (VI) Chemical breakdown or reaction of 
intermediates of biological reactions (Ritchie and Nicholas 1972, Soler-Jofra et al. 
2016, Stuven et al. 1992). 
This doctoral research work comprises one of the earliest efforts addressing the 
need for a general mechanistic model to describe N2O emissions during biological 
nitrogen removal. Two models were proposed to describe NO (a precursor for N2O 
formation) and N2O formation by autotrophic denitrification (Chapter 2), coupling 
the reduction of nitrite to NO and subsequently to N2O to either the oxidation of 
ammonium (Scenario A, combination of 1(a), 1(b), 2(a) and 2(b)) or the oxidation of 
(AOB) biomass (Scenario B, reactions 2(a) and 2(b)). These two scenarios were 
compared in a simulation study, assessing the influence of the aeration/stripping rate 
and the resulting dissolved oxygen concentration on the NO and N2O emission from 
a SHARON partial nitritation reactor. For a continuously aerated reactor, the N2O 
formation and emission were the highest at the highest DO, for both scenarios. It 
should be noted that no oxygen inhibition term was included in the kinetic expressions 
at this point. Under intermittent aeration, the differences between the two scenarios 
were more pronounced. Scenario A showed only aerobic N2O formation, with the 
highest N2O formation rate at start of the aeration cycle, consistent with the 
observations by Yu et al. (2010). Scenario B on the other hand showed aerobic and 
anoxic N2O formation, anoxic N2O formation has been observed by e.g. Anderson 
(1964), Ritchie and Nicholas (1972). Comparing the observed simulation trends with 
literature, no unambiguous decision on the true NO and N2O formation mechanism 
could be made at that point.  
The model we proposed for N2O production through the indirect AOB pathway 
(Chapter 2), was based on mechanistic grounds and as such constituted a step forward 
compared to earlier models describing ammonia oxidation as two parallel processes 
generating either nitrite or N2O based on a switching function which activates N2O 
formation when the nitrite concentration exceeds a given value (Houweling et al. 
2011). Since it earliest presentation at the Nutrient Recovery and Management 
conference (Mampaey et al. 2011) our model has been well picked up by other 
authors. Guo and Vanrolleghem (2014) proposed the extension of scenario A with the 
hypothesis that a low DO stimulates N2O production, while high DO inhibits it, 
meaning that the influence of DO can be expressed by Haldane kinetics. Ni et al. 
(2011) presented a similar model, in which the intermediate NH2OH is explicitly 
taken up as variable in the model. The NO and N2O formation include a Monod DO 
inhibition term to match the observation that NO and N2O production increases at low 
DO concentrations. 
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Law et al. (2012), Ni et al. (2013b) proposed models to describe N2O (and NO) 
formation from the direct pathway(1(a), 1(b)), to describe N2O production at high DO 
concentrations, conditions where the models with DO inhibition are unable to describe 
the N2O formation (Ni et al. 2013b). The models describing the direct pathway are 
unable to describe N2O formation at low DO concentrations (Ni et al. 2013b). 
Both reaction pathways have been combined in so called ‘two-pathway models’ (Ni 
et al. 2014, Pocquet 2015). The overall biological reactions in both two-pathway 
models are the same, the model of Ni et al. (2014) utilises two additional variables 
representing the electron carriers between different reactions. The indirect pathway of 
the two-pathway models describes nitrite reduction directly to N2O, which essentially 
differs from the one pathway models in which NO is considered as intermediate. Guo 
and Vanrolleghem (2014), (Mampaey et al. 2013, Ni et al. 2011) 
Considering all of these recent developments in modelling N2O emissions by 
AOB, the two-pathway model of Pocquet (2015) was applied for the simulation study 
(Chapter 5) describing the measurement data of a full-scale partial nitritation 
(SHARON) reactor (Chapter 4). N2O production through heterotrophic denitrification 
was also taken up in the model, according to the model of Hiatt and Grady (2008). 
The resulting overall model included routes (I) – (III), the contribution of routes (IV) 
and (V) were assumed negligible. Possible chemical breakdown (VI) taking place was 
lumped in the occurring biological pathway(s).  
It was found that considering NH2OH as intermediate in the biological ammonium 
oxidation is necessary, not only to describe ‘delayed’ N2O formation on accumulated 
NH2OH, but also because it adds the opportunity to implement chemical reactions 
(Soler-Jofra et al. 2016). The integrated model applied in Chapter 5, combining two-
pathway N2O production by AOB with heterotrophic denitrification, was able to 
qualitatively describe the monitoring data of the full-scale partial nitritation (PN) 
reactor, when a DO inhibition term for the indirect pathway was taken into account.  
While the model adequately captured the off-gas N2O dynamics throughout the 
monitoring campaign and the N2O emissions were adequately predicted during the 
first two weeks of the monitoring campaign, the model was not able to predict actual 
N2O emission for the third week of the monitoring campaign, which was 
underestimated by 50 %. Considering the macroscopic reactor performance in terms 
of ammonium conversion, nitrite concentration, pH and DO profile, the model could 
adequately describe the measurement data.  
Possible advances, believed to increase the predictive quality of N2O formation 
models, are discussed. The models are overparemeterised, the use of a local and/or 
global sensitivity analysis reveals which parameters have the highest impact on the 
simulation results. An identifiability analysis yields the amount of parameters and 
which ones can be calibrated . However, one should take care in arguing which 
164 
Conclusions and perspectives 
parameters to adjust and their limits. Furthermore, the goodness or lack of fit of a 
model can lie in imperfect (influent) data or in the model itself, distinction between 
the two is not always possible. 
Concerning the imperfect influent data, in the case of the partial nitritation reactor, 
the influent BOD contributes to the N2O emissions. The reference methods to measure 
the real BOD5 value takes 5 days, which makes it impractical for (real-time) N2O 
prediction. The advantages and disadvantages of different possible BOD 
measurement techniques is given by Jouanneau et al. (2014). The main disadvantage 
of the alternative methods is that a statistical correlation is required to estimate the 
BOD5 value. 
6.2 Measurement methods 
In Chapter 3, a novel measuring technique for dissolved gas (N2O) concentrations 
was theoretically derived based on mass balances and experimentally validated. The 
dissolved gas is stripped to the gas phase, which is monitored in terms of its N2O 
concentration. The dissolved concentration  tC ONL 2,  was calculated from the 
measured gas concentration (Eq. 3.9) and can be monitored on minutely time scale. 
The performance of the device can be adjusted to specific needs by changing its 
physical properties (headspace volume 2,GV , feed flow rate LQ , interphase transfer 
coefficient akL ). The gas stripping device provides an adequate method to indirectly 
measure dissolved N2O gasses in the liquid phase, for aerated as well as non-aerated 
conditions/reactors. From the liquid measurements during non-aerated periods, the 
N2O formation rate was calculated. Furthermore, its application is not limited to N2O, 
for instance, the dissolved concentrations of methane, another important greenhouse 
gas, could be monitored. 
Furthermore, for (intermittently) aerated full-scale reactors, similar mass balances 
can be set up as for the stripping device. As a result, the dissolved N2O concentration 
in the reactor can also monitored from the off-gas concentration, at least in case the 
off-gas can be monitored in a representative way, e.g. in case the reactor is covered. 
This method was applied to a partial nitritation (SHARON) reactor (Section 3.5.2) 
and a partial nitritation-anammox reactor (Section 3.5.3). However, the full-scale 
reactors under study were aerated in a discontinuous (cyclic) way, resulting in 
transients in the off-gas profile. The transients can be used as an advantage, the 
interphase transfer rate  ONLak 2  for N2O was estimated from the typical double 
exponential profile (section 3.4.2). A disadvantage was that changes in N2O formation 
rate were largely masked by the transient. After the transient period, the concentration 
and reaction rate could be monitored on a minutely time scale, which was 
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demonstrated on the partial nitritation reactor (Section 4.4.3.1) and the partial 
nitritation anammox reactor (Section 3.5.3).  
The dissolved N2O concentration was calculated based on the reactor off-gas and 
based on the gas stripping device measurements. Both measurements showed the 
same qualitative dynamic behaviour in dissolved N2O during aeration, however the 
absolute concentration was different (Section 3.7.2.2). This difference is attributed to 
the physical boundary conditions, i.e. the effects of a (vertical) pressure gradient and 
imperfect mixing. The calculations based on the off-gas yield an average value over 
the reactor. The gas stripping device on the other hand extracts liquid from a certain 
depth in the reactor, and those (local) concentrations are measured. A (theoretical) 
study on the effect of a pressure gradient on the vertical concentration gradient of a 
dissolved gas is a topic to be tackled in future. 
6.3 N2O emissions from full-scale partial nitritation and partial nitritation-
anammox reactors 
The N2O emissions from the full-scale PN reactor showed large variations within 
a cycle, due to accumulation and stripping of dissolved N2O. The N2O formed under 
anoxic conditions accounted for 66% of the total emission. Simulations attributed the 
formed N2O to heterotrophic denitrification and N2O formation by AOB through the 
indirect pathway. The aerobic N2O formation rate was assumed constant and was 
validated from the prolonged aeration experiment. Variations in N2O emissions on a 
longer time scale were also observed, the underlying reason however could not be 
pinpointed, changes in influent COD concentration, small (seasonal) variations, or 
changes in microbial parameters could be the cause. A daily analysis of the influent 
COD would yield valuable information to estimate the impact of heterotrophic 
denitrification on the N2O emissions. Measurements of NH2OH concentrations 
during normal operation (0.03-0.11 g N.m-3, Soler-Jofra et al. (2016)), at the end of a 
prolonged aeration experiment and at the end of a prolonged anoxic period will yield 
important information about the extent of N2O accumulation, and hence the extent of 
the indirect pathway (or chemical decomposition) in N2O formation under anoxic 
conditions. Furthermore, these data could be used for further model development and 
calibration. The half-saturation constant for NH2OH was taken from literature 
(Pocquet 2015), however, its value is based more on a model calibration rather than a 
physical measurement. Lastly, simulation study can be performed which considers 
microbial diversity or adaptation in the system. A shift in N2O formation could be a 
result of a shift in microbial community or adaptation of the community. However, 
the practical implementation of adaptation is deemed subject to debate. 
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The partial nitritation anammox reactor showed inherently different results. The 
highest N2O formation rate was observed under the ammonium conversion rates, in 
line with the findings of Law et al. (2012), Yu et al. (2010). The occurring N2O 
formation pathway during aeration is most likely the direct pathway, as this is 
correlated to the ammonium conversion rate. During an anoxic period, N2O was 
consumed, related to heterotrophic denitrification. It should be noted that the reactor 
conditions are completely different in both reactors, in the partial nitritation anammox 
reactor, the nitrite and ammonium concentrations were much lower (±5 g N.m-3 and 
±25g N.m-3, respectively) than the partial nitritation reactor (±664 gN.m-3 and ±619 
g N.m-3). 
Even though several models exist which describe the N2O formation by AOB, the 
actual microbial mechanisms are still under debate (Schreiber et al. 2012). It would 
be interesting to use the model presented in Chapter 5 to qualitatively describe the 
full-scale data of others, e.g. Castro-Barros et al. (2015), Daelman et al. (2015), to 
identify the occurring N2O formation pathways, from which mitigation measures can 
be derived. Using the model to describe completely different conditions, low 
ammonium and nitrite concentrations, could further uncover the abilities and 
disabilities of the model. 
When comparing the N2O emissions, expressed as an emission factor (EF) of the 
incoming ammonium, the partial nitritation reactor has an EF of 3.7%, the partial 
nitritation anammox reactor has an EF of 2.0%. Intercompairing the EF between the 
innovative nitrogen removal processes and comparison with conventional nitrogen 
removal, no conclusion could be made on which ones emit the most N2O. There is an 
uncertainty associated to extrapolation of a short term monitoring campaign to a 
yearly average (Daelman et al. 2013). Indeed the measured EF was 3.7% over the 
three-weeks monitoring campaign (Chapter 4), whereas Kampschreur et al. (2008b) 
reported an EF of 1.7% for the same reactor. Daelman et al. (2015) reported a yearly 
averaged EF of 2.8% for a conventional wastewater treatment plant. The EF reported 
for the PNA reactor was 2.0% on average (Castro-Barros et al. 2015), this reactor also 
showed significant short term variations in N2O emissions. 
6.4 Mitigation measures 
For the full-scale partial nitritation (SHARON) reactor monitored (Chapter 4), it is 
advisable to completely avoiding anoxic conditions to reduce N2O emissions. This 
could be achieved by using a variable volume reactor. By halving the total cycle 
length, the total EF was also found to be lower, as the mean anoxic N2O formation 
rate was lower. 
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The mitigation strategy in this case is to implement a more continuous aeration – 
and thus conversion – to obtain a lower emission factor. Applying anoxic conditions 
resulted in N2O consumption, which could be used as an N2O sink, similar to the 
results of Rodriguez-Caballero et al. (2015). However, the practical implementation 
might not be straight forward, as periods of high ammonium conversion rates are 
expected, which would increase the N2O emissions. Overall, incorporation of anoxic 
conditions can both increase (Gabarró et al. 2014, Mampaey et al. 2016) and decrease 
(Castro-Barros et al. 2015, Rodriguez-Caballero et al. 2015) the N2O emissions.  
6.5 The bigger picture 
This section places three main topics related to N2O and its emission into a larger 
perspective. (1) The investment cost comparison of the dissolved N2O measurement 
techniques from Chapter 3 (based on the gas stripping device and the off-gas method) 
with the microsensor measurement. (2) The comparison of N2O emissions from 
innovative nitrogen removal processes monitored versus conventional nitrification-
denitrification over nitrate. (3) The relative contribution of the N2O emissions in the 
carbon footprint of the treatment plant. 
The dissolved N2O can be online measured via three different ways. 1. via the gas 
stripping device, 2. via the unisense Clark-type electrode and 3. from the off-gas 
profile of the reactor. A practical and economical (order of magnitude) comparison 
between the three measuring methods is presented in Table 6.1.  
Table 6.1: Economical comparison concerning investment costs for three measuring 
methods: gas stripping device, microsensor and off-gas 
Gas stripping 
device 
Unisense 
electrode 
Off-gas 
Peristaltic pump € 1 000 € 1 000 - 
Mass flow controller € 500 - - 
Gas phase analyser € 40 000 - € 40 000
Microsensor (3~6 months) - € 300 - 
Sensor data logger - € 1 000 - 
Total € 41 000 € 2 500 € 40 000 
From the economic comparison, even though the microsensor has a limited life-
time of 3~6 months and is fragile, it is unrivalled price-wise. However, in case 
legislation imposes that the greenhouse gas emissions from a treatment plant should 
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be taken into account as well, the balance tilts. An online off-gas analysis is required 
to adequately measure the greenhouse gas emissions from a treatment plant, as the 
current models are unable to quantitatively predict the N2O emissions. In case a gas 
analyser is required, a gas stripping device can be hooked up without a significant 
additional cost. The off-gas method can be used if the interphase transfer 
characteristics of the reactor can be measured and has the disadvantage that the liquid 
N2O concentrations can only be monitored during aeration. 
 
The N2O EF from the innovative nitrogen removal processes monitored (Chapter 
3) were 2% for a one-stage partial nitritation anammox reactor (Castro-Barros et al. 
2015) and 1.7% (Kampschreur et al. 2008b) and 3.7% (this study) for the partial 
nitritation (SHARON) reactor of the incoming ammonium load. The N2O EF of a 
municipal wastewater treatment plant with conventional nitrification-denitrification 
over nitrate varies (for an overview, see e.g. Daelman et al. (2015)) an emission factor 
of 2.8% was determined in the first long term (16 months) online monitoring study 
(Daelman et al. 2015). A short term monitoring campaign From the conclusions of 
Daelman et al. (2013), it cannot be concluded that the emissions from the partial 
nitritation and partial nitritation anammox reactors were significantly lower or higher 
than a conventional wastewater treatment plant. This would require a long-term 
monitoring campaign. 
 
To estimate the significance of the N2O emissions on the CO2 footprint of the 
partial nitritation (SHARON) reactor, the energy requirement for the aeration was 
taken into account, and assumed that this is 57% of the total electricity consumption, 
based on Reardon (1995). This calculation excluded the energy consumption of 
primary sedimentation, trickling filter, secondary sedimentation, chlorine contact and 
sludge drying beds. The aeration energy was estimated to be 36 MWh, yielding an 
electricity consumption estimation of 62 MWh for the three week monitoring 
campaign. The CO2 footprint of electricity generation for The Netherlands is 395 g 
CO2 per kWh produced (IEA 2010), results in a CO2 emission of 24 500 kg CO2. The 
N2O emission was 3.7% of the TNH load (1.752 104 kg N), or about 620 kg N2O-N, 
or 975 kg N2O. Since N2O has a global warming potential of 298 CO2 equivalents 
(IPCC 2013), this is 290 550 kg CO2 equivalents. It dominates the greenhouse gas 
footprint of the reactor, responsible for 92% of the greenhouse gas footprint. 
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